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SUMMARY
Structural health monitoring (SHM) is an active research area devoted to the
assessment of the structural integrity of critical components of aerospace, civil and
mechanical systems. Guided wave methods have been proposed for SHM of plate-
like structures using permanently attached piezoelectric transducers, which generate
and sense waves to evaluate the presence of damage. Effective interrogation of struc-
tural health is often facilitated by sensors and actuators with the ability to perform
electronic, i.e. phased array, scanning.
The objective of this research is to design an innovative directional piezoelec-
tric transducer to be employed for the localization of broadband acoustic events, or
for the generation of Lamb waves for active interrogation of structural health. The
proposed Frequency Steerable Acoustic Transducers (FSATs) are characterized by
a spatial arrangement of active material which leads to directional characteristics
varying with frequency. Thus FSATs can be employed both for directional sensing
and generation of guided waves without relying on phasing and control of a large
number of channels. The analytical expression of the shape of the FSATs is ob-
tained through a theoretical formulation for continuously distributed active material
as part of a shaped piezoelectric device. The FSAT configurations analyzed in this
work are a quadrilateral array and a geometry which corresponds to a spiral in the
wavenumber domain. The quadrilateral array is experimentally validated, confirming
the concept of frequency-dependent directionality. Its limited directivity is improved
by the Wavenumber Spiral FSAT (WS–FSAT), which, instead, is characterized by a
continuous frequency dependent directionality.
Preliminary validations of the WS–FSAT, using a laser doppler vibrometer, are
xvii
followed by the implementation of the WS–FSAT as a properly shaped piezo trans-
ducer. The prototype is first used for localization of acoustic broadband sources.
Signal processing algorithms and related imaging techniques for damage location are






The research investigates the design of directional piezoelectric transducers for guided
waves sensing and generation. The proposed devices find applications in the area of
Structural Health Monitoring (SHM). The following section first gives a background
on SHM, guided waves and piezoelectric transducers, focusing on the techniques for
guided waves inspections. Then, the motivations for the present study are detailed.
Research objectives and the contributions of this work to the existing knowledge
on directional transducers are highlighted. Finally, the chapter concludes with the
organization of the research.
1.2 Background
1.2.1 Structural Health Monitoring
In recent years, there has been an increasing awareness of the importance of damage
detection systems in civil, mechanical and aerospace structures (Figure 1). It is fore-
seen that such systems in a structure would be able to provide information regarding
the health of the structure, warn about any incipient damage, and provide an estimate
of the remaining useful life of the structure. The potential benefits that would follow
from such a technology are enormous. Maintenance procedures for structures with
such systems could change from being schedule–driven to condition–based, thereby
cutting down on the time for which structures are off–line and correspondingly re-
sulting in huge cost savings. Most significantly, the confidence levels in operating
structures would increase sharply as a result of the safeguards against unpredictable
1
Figure 1: Example of structures with embedded SHM systems.
structural system degradation, particularly so for ageing structures. Most impor-
tantly, the safety of the users is better ensured.
Structural health monitoring is a key component of damage prognosis systems.
SHM is the component that examines the structure for damage and provides infor-
mation about any damage that is detected. An SHM system typically consists of
an onboard network of sensors for data acquisition and some central data processor.
It may utilize stored knowledge of structural materials, operational parameters, and
health criteria. The schemes available for SHM can be broadly classified as active or
passive depending on whether or not they involve the use of actuators, respectively.
Examples of passive schemes are acoustic emission and strain/load monitoring, which
have been demonstrated with some success [64, 45, 22, 39, 12]. However, these suffer
from the drawback of requiring high sensor densities on the structure. Unlike passive
methods, active schemes are capable of exciting the structure in a prescribed manner,
and have the potentials to examine it for damage when required.
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1.2.2 Guided waves
Guided wave (GW) testing has emerged as a very prominent option among active
schemes. GW also may be suitable for SHM applications, having an onboard, prefer-
ably built-in, sensor and actuator network to assess the state of a structure during
operation. GWs are stress waves forced to follow a path defined by structural bound-
aries. For example, when a beam is excited at high frequency, stress waves travel in
the beam along its axis away from the excitation source, i.e. the beam guides the
waves along its axis. Similarly, in a plate, the two free surfaces of the plate guide the
waves within its confines. There are several application areas for guided elastic waves
in solids, such as seismology, inspection, material characterization, delay lines, etc.,
and consequently these have been a subject of much study [1, 6, 27].
A very important class among GWs is that of Lamb waves, which can propagate in
a thin plate (or shell) with free surfaces. Because of the abundance of plate and shell-
like structural configurations, and because of GW’s ability to be transmitted over
long distances over the surface as well as through the thickness of a structure with
little attenuation, Lamb waves have been the subject of much scrutiny. Due to their
relevance, the term “Lamb wave” and “guided wave” are often used interchangeably
in the literature.
Lamb waves are dispersive (the propagation velocities are dependent on frequency)
and propagate according to several modes which are either symmetric or anti–symmetric
with respect to mid thickness. Different GW modes present sensitivity to a variety
of structural defects. For instance, the fundamental symmetric (S0) Lamb mode is
sensitive to through-the-thickness damage due to its dominant in-plane components.
Therefore is well suited for the detection of, for example, full- or part-depth holes.
Similarly, the A0 mode is better suited for surface damage (e.g., surface cracks) due to
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its dominant out-of-plane component. The potential damage types that a Lamb wave-
based inspection can provide are summarized by Rose [71]. In general, a Lamb wave-
based damage detection approach features (1) the ability to inspect large structures
while retaining coating and insulation, e.g. a pipe system under water; (2) the ability
to inspect the entire cross sectional area of a structure (100% coverage over a fairly
long length); (3) the lack of need for complicated and expensive insertion/rotation
devices, and for device motion during inspection; (4) excellent sensitivity to multiple
defects with high precision of identification; and (5) low energy consumption and
great cost-effectiveness. At a sophisticated level, a Lamb wave-based identification
should hierarchically perform, with increasing levels of difficulty, (1) qualitative in-
dication of the occurrence of damage; (2) quantitative assessment of the position of
damage; (3) quantitative estimation of the severity of damage; and (4) prediction of
structural safety, e.g. residual service life [87].
1.2.3 Schemes of operation
In GW SHM, an actuator generating GWs is excited by a prescribed signal (typically
a modulated sinusoidal tone burst of some limited number of cycles, and central
frequency). In general, when a GW field is incident on a structural discontinuity
(which has a size comparable to the GW wavelength), it scatters GWs in all directions.
The structural discontinuity could be damage in the structure, such as a crack or
delamination, a structural feature (such as a stiffener or a structural boundary).
Therefore, to be able to distinguish between damage and structural features, prior
information may be required about the structure in its undamaged state. This is
typically in the form of a baseline signal obtained for the “healthy state” to use as
reference for comparison with the test case. There are two approaches commonly
used in GW SHM: pulse–echo and pitch–catch. In the former, after exciting the
structure with a narrow bandwidth pulse, a sensor collocated with the actuator is
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used to “listen” for echoes of the pulse coming from discontinuities. Because the
boundaries and the wave speed for a given center actuation frequency of the tone
burst are known, the signals from the boundaries can be filtered out (or alternatively
the test signal can be subtracted from the baseline signal). Then, signals from the
defects are left (if present). From these signals, defects can be located using the
wavespeed. In the pitch-catch approach, a pulse signal is sent across the specimen
under interrogation and a sensor at the other end of the specimen receives the signal.
From various characteristics of the received signal, such as delay in time of transit,
amplitude, frequency content, etc., information about the damage can be obtained.
In either approach, damage-sensitive features are extracted from the signal using
some signal-processing algorithm, and then a pattern recognition technique is required









Figure 2: GW SHM steps.
The actuator-sensor pair in GW testing can have a large coverage area, resulting in
fewer units distributed over the structure. For this reason, damage detection through
guided wave in plate-like structures has attracted the attention of a large number of
researchers in recent years [4, 5, 69, 16, 15, 48, 51, 29].
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1.2.4 Piezoelectric transducers
The critical elements of GW SHM are the transducers, the arrangement of the trans-
ducer network to scan the structure, and the overall SHM architecture (i.e. issues
related to supporting electronics, robustness and packaging). The most commonly
used transducers for NDE are angled piezoelectric wedge transducers [92, 82], comb
transducers [59] and electromagnetic acoustic transducers (EMATs) [3]. Other op-
tions that have been explored in recent years for NDE are Hertzian contact trans-
ducers [18] and lasers [60]. However, while these types of transducers function well
for maintenance checks when the structure is offline for service, they are not compact
enough to be permanently onboard the structure during its operation. This is partic-
ularly true in aerospace structures, where mass and space penalties associated with
the additional transducers on the structure should be minimal.
The most commonly used transducers for SHM are embedded or surface-bonded
piezoelectric wafer transducers (hereafter referred to as piezos). Piezos are inexpen-
sive, and are available in very fine thicknesses (0.1 mm for ceramics and 9 µm for
polymer film), making them very unobtrusive and conducive for integration into struc-
tures. Piezos operate on the piezoelectric and inverse piezoelectric principles that
couple the electrical and mechanical behavior of the material. An electric charge is
collected on the surface of the piezoelectric material when it is strained. The con-
verse effect also occurs, that is, the generation of mechanical strain in response to an
applied electric field. Hence, they can be used both as actuators and sensors. The
most commonly available materials are lead zirconium titanate ceramics (known as
PZT) [75, 36] and polyvinylidene fluoride (PVDF), which is a polymer film. Both of
these are usually poled through the thickness, which is also the direction in which the
voltage is applied or sensed. When used as an actuator, the high-frequency voltage
signal causes waves to be excited in the structure. In the sensor configuration, the
strain over the sensor area causes a voltage signal across the piezo. Piezoceramics
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are quite brittle and need to be handled with care. In contrast, polymer films are
very flexible and easy to handle. Monkhouse et al. in [52, 53] designed PVDF films
with copper backing layers to improve its response characteristics. An interdigitated
electrode pattern was deposited using printed circuit board (PCB) techniques for
modal selectivity, and the transducers were able to detect simulated defects. How-
ever, because of their weaker inverse piezoelectric properties and high compliance, the
performance of PVDF based transducers as actuators and sensors is poorer. In addi-
tion, PVDF films cannot be embedded into composite structures because of the loss
of piezoelectric properties under typical composite curing conditions. Therefore, PZT
is the more popular choice for the transducer material among GW SHM researchers
(for example, [35, 57, 34]).
1.2.5 Directional transducers
GW SHM approaches potentially benefit from the use of transducers with controllable
directional characteristics, so that scanning of a surface can be performed to locate
damage, impacts or cracks.
Wave steering through phased arrays [76] is a well-established technique, widely
used in radar, sonar, seismology, oceanology, and medical imaging such us echocar-
diography and ultrasonography [79]. A phased array consists of a group of sensors
located at distinct spatial locations in which the relative phases of the sensor signals
are varied in such a way that the effective propagation pattern of the resulting signal
is reinforced in a desired direction and suppressed in undesired directions. The phased
array principles have allowed the development of radar and sonar systems that can
scan the horizon electronically without actually doing any mechanical motion.
Phased array concepts are adopted extensively also in ultrasonic imaging for NDE
applications [38, 47], because of its multiple advantages [41, 68, 2], such as high
inspection speed, flexible data processing capability, improved resolution, and the
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capability of scanning without requiring mechanical movement, i.e., dynamic beam
steering and focusing [86]. Rose et al. in [70] describe a high-frequency guided-wave
phased-array focusing method for performing nondestructive pipe inspection with
conventional phased-array transducers. Deutsch et al. in [20] demonstrated a phased
array for the Lamb wave inspection of thin plates utilizing wedge-coupled conventional
ultrasonic transducers and elaborated electronics. Fromme et al. in [23] designed and
built a permanently attached guided ultrasonic wave array prototype to be used in
the long-term monitoring of structural integrity.
However, one of the major limitations in the path of transitioning Lamb-wave
NDE techniques into SHM methodologies has been the size and cost of the con-
ventional NDE transducers, which are rather bulky and expensive. The permanent
installation of conventional NDE transducers onto a structure is not feasible, espe-
cially when weight and cost are at a premium such as in the aerospace applications.
Guided wave-based phased arrays for SHM have been pursued for example by [44],
where a phased comb transducer is proposed for the inspection of pipes, and in [25]
where a virtual beam steering concept uses permanently attached piezoelectric PZT
transducer arrays. A circular array integrated with a deconvolution algorithm for
better imaging quality is presented in [80], while [90, 91] illustrate the study of linear
and two-dimensional (2D) square arrays capable of virtual beam steering in a 360◦
range. Other researchers have investigated the use of spatially sparse arrays, consist-
ing of various sensors distributed over a large area, as an effective approach to image
damage inside and outside the area enclosed by the arrays [77, 32, 49, 50].
Passive sensing of acoustic events often relies on the triangulation of time-of-flight
information provided by multiple sensors. Time-of-flight triangulation of guided waves
is however complicated by the dispersive and multi-modal nature of wave propagation,
which makes the estimation of arrival times challenging. To overcome such difficul-
ties, rosette configurations have been proposed which exploit the inherent directional
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nature of macro fiber composite (MFC) transducers [42]. Another interesting ap-
plication of MFCs for array design is presented in [72], where guided wave steering
relies on the actuation in sequence of multiple sections of wedge-shaped transducers
arranged in a circular ring pattern.
Patterning of the sensing material lay-out and of the electrodes provides signif-
icant opportunities to provide transducers with inherent frequency and directional
sensitivity. This basic idea has been widely exploited for the design of interdigitated
transducers (IDTs) used as part of surface acoustic wave (SAW) devices [31]. While
linear IDT configurations are commonly employed for selective generation and de-
tection of surface waves, other alternative configurations, such as the slanted IDT
described for example in [88], and the annular IDTs proposed in [43], have been
proposed to achieve novel functionalities such as wide-band operation and acoustic
wave focusing. Wilcox [81] proposed the idea of a circular array of six PVDF curved
finger IDTs, so that each element would generate a divergent beam, which enables
the inspection of a pie-slice shaped area of the plate. Thus, the six IDTs together
would have a 360 field of vision about themselves.
An ultrasonic radiator with frequency beam steering capabilities is presented
in [40]. The radiator consists of a cantilever plate, placed in water, on which a
pair of piezoelectric ceramics are mounted. Direction of propagation of ultrasound in
water is solely steered by frequency of the applied signal. Meander antenna whose
main lobe is steerable by variation of the feed frequency is studied in [13, 73] for radar
applications.
1.3 Motivations
The GW based damage detection techniques using structurally integrated transducers
for SHM is still in its formative years. All the promising results mentioned above not
only demonstrate the potential benefits of beam steering for guided waves generation
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and sensing, but also underline some limitations. One of such limitations consists in
the array basic principle of operation, i.e., the delay-and-sum algorithm [26], which
requires wiring and multiplexing of individual array elements. In fact, most ultrasonic
phased array technologies require electronic beam steering devices and corresponding
hardware complexity, which makes their implementation as embedded devices prob-
lematic [47, 91]. Limitations on current approaches and the needing of novel devices
to effectively asses the challenges of SHM through guided wave inspections are the
motivations of the present research.
1.4 Objectives
Given the motivations above, the objectives of the thesis are:
• To study the equations that govern sensing and actuation of guided waves (Lamb
waves) through surface mounted piezoelectric sensors and to formulate a strat-
egy for the design of sensors and actuators with inherent directional and beam
steering properties.
• To develop a novel class of Frequency Steerable Acoustic Transducers (FSATs)
for directional generation/sensing of guided waves. Proposed FSAT transduc-
ers direct energy in specified directions without the need for individual element
control. The FSATs are characterized by a spatial arrangement of the piezoelec-
tric material which leads to frequency-dependent directionality. The resulting
FSATs can be employed both for directional sensing and generation of guided
waves, without relying on phasing and control of a large number of channels.
• To validate the concept of frequency-dependent directionality both numerically
and experimentally, through FSATs prototyping and testing.
To accomplish these objectives, the work first employs numerical methods to con-
firm the directional properties of the proposed FSATs. Next, prototyping of the
10
FSATs allows an experimental analysis that validates the analytical and numerical
predictions.
1.5 Contributions
The accomplishment of the objectives mentioned above allow the achievement of the
following contributions:
1. the definition of geometric directivity for piezoelectric transducers, valid for both
guided waves sensing and actuation, which is the fundament of the illustrated
frequency beam steering concept;
2. the experimental validation of the FSATs directional capabilities in both sensing
and actuation;
3. the Wavenumber Spiral FSAT (WS–FSAT) geometry, characterized by an ex-
cellent directionality, allowing location detection of acoustic broadband sources;
4. the implementation of a working imaging technique to enrich further the capa-
bilities of the WS–FSAT, providing a graphical and an immediate visualization
of the acoustic event.
1.6 Organization of the work
The work is organized in 7 chapters including this introduction. Chapter 2 presents
the theoretical developments in support of the evaluation of the directional properties
of arbitrarily shaped piezoelectric transducers. Chapter 3 is devoted to the analysis
of a quadrilateral periodic array FSAT with numerical and experimental validation.
This transducer configuration is given as an introductive example and confirms the
concept of frequency-dependent directionality. Chapter 4 describes a WS–FSAT with
a numerical and a preliminary experimental validation. Chapter 5 illustrates PVDF
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prototyping and testing of the WS–FSAT in sensing, providing the conclusive vali-
dation of the device. The development and the application of an imaging technique
to enhance the capabilities of the WS–FSAT is also presented. Chapter 6 considers
a preliminary WS–FSAT experimental testing in actuation and discusses an alter-
native fabrication design adopting MFC substrate. Finally Chapter 7 outlines some
conclusions, the contributions brought by the research and future work.
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CHAPTER II
SHAPING OF PIEZO PATCHES FOR DIRECTIONAL
SENSING AND GENERATION OF LAMB WAVES
2.1 Overview
The chapter provides the theoretical background to sensing and actuation by piezo
patches of arbitrary shapes. An expression of frequency directivity valid for both
cases is outlined. Eventually, a set of simple transducers geometries is provided as a
starting point for frequency directivity analysis and implementation.
2.2 Sensing
This section presents the equations that govern sensing of Lamb waves through surface
mounted sensors. The case of a piezoelectric patch of arbitrary shape is illustrated
as a general framework for the subsequent illustration of the principles of directional
sensing through proper sensor shaping.
2.2.1 Plate configuration and piezoelectric constitutive relations
The system under consideration is illustrated in Fig. 3. The domain of interest consists
of a mechanical structure (thin plate) on an open domain Ω and of a piezoelectric
domain Ωp of thickness tP . The reference system used for the analysis is located at
the mid-surface of the structure, with coordinates x1, x2 defining the plane of the
structure. The constitutive equations for the piezoelectric domain are expressed as:
σ = CEε− eTE
D = e ε+ εεE
(1)
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Figure 3: Plate with arbitrarily shaped piezoelectric sensor bonded on the top surface,
and considered coordinate system.
where σ = { σ11 σ22 σ33 τ13 τ23 τ12 }T and ε = { ε11 ε22 ε33 γ13 γ23 γ12 }T
respectively are the mechanical stress and strain vectors, D = { D1 D2 D3 }T is
the electric charge vector, and E = { E1 E2 E3 }T is the electric field vector. Also,
CE is the stiffness matrix of the material at constant electric field, e is the piezoelec-
tric coupling matrix evaluated at constant stress, while εε denotes the permittivity
matrix at constant strain. Equation (1) holds over the domain of the structure cov-
ered by the piezoelectric patch, defined by x ∈ ΩP , where x = x1i1 + x2i2 denotes a
position vector on the plane of the structure. The piezoelectric patch is assumed to
be decoupled from the underlying mechanical structure [46], i.e. it does not interfere
with the dynamics of the elastic medium.
It is convenient to extend the validity of the piezoelectric constitutive relations to
the entire domain Ω by introducing a functional φ(x) defined as:
φ(x) =
 1, x ∈ ΩP0, x ∈ Ω− ΩP (2)
which describes the shape of the patch. A second functional ψ(x) is introduced
to allow for different polarizations to be present within the piezoelectric domain.
For simplicity, and in light of practicality, the case of alternating polarizations over
specified sub-regions of ΩP is considered, so that ψ(x) = ±1, x ∈ ΩP . Accordingly,
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 , x ∈ Ω (3)
For sensing, the second of Eq.s (3) is of particular importance and will be analyzed
in detail. The following assumptions are introduced to simplify the analysis. First, the
piezoelectric material is considered as polarized across its thickness direction x3, so
that two of the components of the electric displacement vector are zero (D1 = D2 = 0).
Then, the sensor is assumed in a state of plane stress, i.e. σ33 ≈ σ13 ≈ σ23 ≈ 0, and
the strain component in the sensor result to be ε = { ε11 ε22 γ12 }T . The second
of Eq.s (3) therefore reduces to:
D3 = φ(x)b
TD = φ(x)bT (ψ(x)eε+ εεE), x ∈ Ω (4)
where b = [0, 0, 1]T . Considering the strain-charge form of the piezoelectric consti-
tutive equations, Eq. (4) can be rewritten as follows:
D3 = φ(x)b
T [ψ(x)dσCEε+ (εσ − dσCEdσT )E], x ∈ Ω (5)
where dσ, εσ respectively denote the matrix of the piezoelectric strain constants and
of the permittivity constants evaluated at constant stress.
2.2.2 Voltage generated by the patch














where it is assumed that all properties of the patch are constant over the area ΩP .
Equation (6) can be simplified by imposing that E1 = E2 = 0, and that the voltage
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varies linearly across the thickness of the piezo tP , i.e. E3 =
V
tP
, with V denoting the


















φ(x)dx is the area occupied by the piezoelectric patch, and where
f(x) = φ(x)ψ(x) is introduced to simplify the notation.
2.2.3 Material and shape related directivities
The sensing voltage expressed in Eq. (8) can be evaluated in the presence of a plane
wave propagating in the plane of the structure at frequency ω. The surface displace-
ment can in general be expressed as:
u(x, ω) = U0(ω)e
−jk0(ω)·x (9)
where U0 defines the amplitude and the polarization of the wave at the considered
frequency, and k0(ω) = k0(ω)i
′
1 = k0(ω)(cos θi1 + sin θi2) is the considered wave
vector defining plane wave propagation at an angle θ (Fig. 4). Assuming that the
considered wave is characterized by a displacement field such that:
u(x, ω) · i′2 = 0 (10)







Figure 4: Schematic of plane wave propagating at angle θ on the plane of the struc-
ture x.
while ε2′2′ = γ1′2′ = 0 [46]. In this case, the plane strain field in Eq. (8) can be written
as:
ε = ε1′1′r(θ) (12)
where r(θ) = [ cos(θ)2, sin(θ)2, 0 ]
T . Substituting Eq. (12) into Eq. (8) gives:










e−jk0(ω)(x1 cos θ+x2 sin θ)f(x)dx (15)
define two separate contributions to the measured voltage. The first quantity H con-
tains the material properties of the piezo-structure system, and leads to a directional
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component in case of non-isotropic properties of the patch [46, 37]. For the case
of a monolithic PZT 5H patch for example, whose properties are listed in Table 1,
the quantity H is constant with respect to the angle of wave propagation θ, and
therefore no directionality is introduced. In contrast, the parameter D describes the
effect of the distribution of material as defined by the function f(x). Specifically, the
definition of D provides the opportunity to select specific material and polarization
distributions to tune the sensor to specific wavelengths and associated wave modes,
and to achieve desired directionality properties. D can be seen as the directivity of
the transducer characterized by the piezoelectric distribution f(x).
Table 1: PZT 5H Piezoelectric material characteristics
cE11 = 1.2710
11 Pa cE22 = 1.2710
11 Pa cE33 = 1.1710
11 Pa
cE12 = 8.0210
10 Pa cE13 = 8.4610
10 Pa cE23 = 8.4610
10 Pa
cE44 = 2.3010
10 Pa cE55 = 2.3010
10 Pa cE66 = 2.3410
10 Pa
ε0 = 8854× 10−12 F/m d15 = 741× 10−12 C/N d24 = 741× 10−12 C/N
d31 = −274× 10−12 C/N d32 = −274× 10−12 C/N d33 = 593× 10−12 C/N
εσ11 = 3130ε0 ε
σ
22 = 3130ε0 ε
σ
33 = 3400ε0






which exploits the limited support of the function f(x) so that the integration limits
can be extended to infinity without affecting the value of the integral. Equation (16)
can be easily recognized as the spatial Fourier Transform (FT) of the function f(x).
Its frequency dependence is based on the dispersion relation k0 = k0 (ω), where
k0 (ω) = k0 (ω) (cos θi1 + sin θi2). Equation 16 allows the convenient estimation of the
directivity patterns associated with various sensor shapes and polarizations through
the estimation of the FT pairs:
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D(k0(ω), θ) = F [f(x)] (17)
where F [·] denotes the FT. Specifically, Eq. (17) suggests the possibility of evaluat-
ing the sensor directivity through FFT algorithms in the case of complex material
distributions. At the same time, given a desired directivity, it is possible to obtain
the correspondent sensor geometry by inverting Eq. (17), i.e.:
f(x) = F−1[D(k0(ω), θ)] (18)
where F−1[·] denotes the inverse FT.
2.3 Generation
In the following, a general approach to obtain the directivity for an arbitrary shaped
transducer in actuation mode is presented. Similarly to the system described in
Section 2.2.1, consider the piezoelectric domain ΩP placed on the free surface of an
elastic space (thin plate) shown in Fig. 5. The piezoelectric patch is assumed to
provide external inputs to the elastic medium without interfering with its dynamic
behavior [63]. Collet et al. in [14] considered the fully coupled actuator/substrate
system, providing a coupled FE–analytical solution. They noticed a slight frequency
shift in the tuning curves, which is, however, mitigated at high frequencies.
Each infinitesimal element, dΩ = dx1dx2 of ΩP is considered as a point source,
which generates a harmonic signal in the time domain, g(t) = g0(ω)e
−jωt, where g0
has the dimension of unit per area and it is directly related to the voltage applied to
the piezo patch.
The elastic space is assumed homogeneous, isotropic and to sustain the propaga-
tion of a wave of phase speed c(ω). Dependence of c to ω is due to the dispersive
properties of the medium. The analysis considers far-field radiation, so that each
piezoelectric element generates a wave which can be considered as plane at the point
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Figure 5: Plate with arbitrarily shaped piezoelectric actuator bonded on the top
surface, and considered coordinate system.
of interest.
The infinitesimal response at point Q, with position vector r = ru, due to an har-
monic excitation of an hypothetical element dΩ placed in the origin O, with position
vector xO, can be expressed, dropping the harmonic term e
−jωt, as:
dw(r,xO, ω) = g0(ω)G(r,xO, ω)dΩ (19)
where G(r,xO, ω) is an appropriate Green’s function [27] defining the response in Q
to a unit point source placed in O and, in its simpler version, can be expressed by the






with τO denoting the propagation time from the source at O to Q. Under the assump-
tion that a single mode is propagating dispersively at speed c(ω), the propagation






The infinitesimal response at Q due to the generic source dΩ, placed at x, can be
written as:
dw(r,x, ω) = g0(ω)f(x)G(r,x, ω)dΩ (22)
where f(x) defines the distribution of active material as introduced in Section 2.2.2,
and, similarly as in Eq. (20), G(r,x, ω) is expressed as:
G(r,x, ω) = 1√
|r − x|
ejωτx (23)
with τx the corresponding propagation time.
Within the far field assumption, τx can be expressed in terms of τO through a set
of simple geometric considerations, which are based on the schematic configuration
shown in Fig. 6. The far field assumptions assume that the waves generated by
an actuator in O and another one in a generic x position have essentially parallel
wavefronts, and that the propagation distance only differs by a quantity which is
related to the spacing between the two actuators. Hence the relation between τx and
τO can be approximated as:
τx ≈






where u = u(θ) = [ cos(θ), sin(θ) ]
T is the direction cosines of vector r, and x is





, and, therefore, G(r,x, ω) can be approximated as:





Figure 6: Far field approximation.
Based on the derivations and simplifying assumptions described above, the re-
sponse due to the entire piezo-patch can be easily expressed as the superposition of




















contains the directionality contribution due to the distribution of the piezoelectric
material. Considering that k0(ω) =
ω
c(ω)
u by definition of the dispersion relation and





Equation (28) can be recognized as the spatial FT of the function f(x), obtaining
the same result found for the transducer directivity in sensing mode in Eq. (17). This
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result shows the duality of sensing and actuation, as expected by acoustic reciprocity
principles. In sensing, maxima in directivity provide the dominant frequency compo-
nents depending on direction of incoming waves, instead, in actuation, they give the
excitation frequencies to generate waves along the associated directions.
2.4 Examples of directivities for simple geometries
The directivities of a circular patch, of a monolithic rectangular patch and of a rect-
angular array are illustrated as simple introductive examples.
2.4.1 Circular patch
The case of a circular piezo transducer can be modeled through the following expres-






where the function rect is defined as follows:
rect(ξ) =
 1, |ξ| ≤ 10, |ξ| > 1 (30)
and where a defines the radius of the disc. Figure 7 shows a configuration of the
disc, where the black domain identifies the location of the piezoelectric material. The
corresponding directivity is given by:




where J1(x) is the first order Bessel function.
The directivity function clearly shows the absence of any particular direction,
and indicates that preferential tuning occurs for wave modes corresponding to local
maxima of the Bessel function. Such maxima can be found at k0a = (2n−1)π2 , where
n = 1, 2, ... is an integer. The directivity function in the wavenumber domain, as well
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Figure 7: Circular piezo disc of radius a = 10 mm.
as the directivity curve for k0 =
π
2a





















Figure 8: Wavenumber representation of the directivity function of the piezo disc of





2.4.2 Monolithic rectangular patch
The analysis above can be applied to the simple case of a monolithic rectangular












Here 2a1, 2a2 define the dimensions of the patch along the x1 and x2 direction,









Figure 9: Rectangular piezo disc of dimensions a1 = 10 mm, a2 = 14 mm (a), and
wavenumber representation of the directivity function (b).
The transducer’s directivity, given by:
D(k0(ω), θ) = a1a2sinc(a1k0 cos θ)sinc(a2k0 sin θ) (33)
indicates that preferential directions of sensitivity/generation are aligned with the
main dimensions of the rectangle, along which tuning occurs for wavenumber values
which maximize the two sinc functions in Eq. (33). Figure 9(a) shows a patch of
dimensions a1 = 10 mm, a2 = 14 mm, while the variation of the directivity in the
wavenumber domain is presented in Fig. 9(b). Specifically, for a traveling wave at
θ = 0, maximum directivity occurs for wavenumbers k
(1)
0 = (2n1 − 1) π2a1 , while for
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waves propagating along the direction θ = π/2, the transducer is tuned for k
(2)
0 =
(2n2 − 1) π2a2 , where n1, n2 are integers. The two tuning conditions are represented





0 . The two circles intersect directivity maxima at locations k1, k2 which identify









Wavenumber information can be directly related to frequency upon knowledge of the
dispersion properties of the underlying medium. In particular, in sensing, one could
consider situations where the transducer is able to discriminate between the two
directions of maximum sensitivity (θ = 0 and θ = π/2), based on the frequency value
(and corresponding wavenumber) recorded. In other words, the rectangular sensor
acts as a spatial filter which is tuned to the θ = 0 or θ = π/2 direction depending on
the frequency it receives. Similarly, in actuation, the transducer can generate waves
in the two directions of maximum sensitivity (θ = 0 and θ = π/2), based on the
frequency value of the voltage with which it is excited. The polar directivity curves
of Fig. 10 illustrate the different directional patterns with strong lobes at θ = 0, π

















Figure 10: Rectangular piezo disc of dimensions a1 = 10 mm, a2 = 14 mm: directiv-












2.4.3 Rectangular periodic array
Another simple case is a rectangular periodic array of point sources, whose geometry






δ(x1 − x1n1)δ(x2 − x2n2) (34)
where δ(ξ) is the Dirac delta function, defined as:
δ(ξ) =
 +∞, ξ = 00, ξ 6= 0 (35)
while xn1,n2 = [x1n1 , x2n2 ] defines the location of the point array element n1, n2, where
the integers −1
2
(Ni − 1) ≤ ni ≤ 12(Ni − 1), while Ni defines the number of elements
of the array in the i-th direction. Such location can be expressed as:
xn1,n2 = n1d1i1 + n2d2i2 (36)
where d1, d2 define the spacing of the array elements along the array directions, i1, i2.





Figure 11: Periodic rectangular array.
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The corresponding directivity can be evaluated through the spatial FT of the




























The variation of the directivity, obtained for N1 = 7, N2 = 7, d1 = 9 mm, d2 = 7




Figure 12: Rectangular array directivity function. Visualization of k0p,q for [p, q] =
[0, 1], [1, 0] and [−1, 0].
The wavenumber values which maximize Eq. (38) are obtained as solutions of the
following system of equations for a given pair of integers p, q:
d1i1 · k0p,q = 2pπ
d2i2 · k0p,q = 2qπ
(39)
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The selection of a particular peak in the directivity distribution can be performed
by determining the wavenumber corresponding to the radius of a circle intersecting
the peak of interest. Directivity curves for various combinations of the integer pairs
p, q are shown in Fig. 13. In particular strong lobes at θ = 0, π occur for k01,0 = 2π/d1
(Fig. 13(a)) and at θ = ±π/2 for k00,1 = 2π/d2 (Fig. 13(b)). In the case of a square
periodic array, i.e. d1 = d2, it would be k01,0 = k00,1 and both the horizontal and
vertical direction would be associated to the same wavenumber. Looking at the case
p = −1, q = 1 (Fig. 13(c)), the polar plot of the directivity shows the coupling between
two directions. The three polar plots of Fig. 13 illustrates the directional capabilities
of the rectangular array; only the horizontal and the vertical directions can be picked
singularly, in all the other cases there is the coupling of at least two directions.
2.5 Conclusions
In this chapter, the equations for sensing and actuation of Lamb waves by piezo
patches of arbitrary shapes have been provided. Under the main assumptions of thin
piezo patches, propagating plane waves and through the thickness polarization, an
expression of the transducers directivity has been formulated based on spatial distri-
bution of active material, valid for both wave sensing and actuation, in agreement
with acoustic reciprocity principles. Directivities for simple transducers configura-
tions, i.e. circular patch, rectangular patch, and rectangular array of point sources,
have been evaluated as introductory examples, giving the basic tools for the further
transducer design analysis. In the next chapter, a generalization of the array con-
figuration is considered, and after the theoretical analysis, the concept of frequency




Figure 13: Array directivity curves for various values of the p, q pair: p = 1, q = 0
(a), p = 0, q = 1 (b), p = −1, q = 1 (c).
30
CHAPTER III
FREQUENCY STEERING THROUGH A
QUADRILATERAL PERIODIC ARRAY
3.1 Overview
In this chapter, an FSAT with a quadrilateral periodic array configuration is analyzed.
This is a generalization of the rectangular periodic array presented in Section 2.4.3.
After illustrating the array geometry, its directional performance is evaluated based on
the procedure outlined in Section 2.4.2. Numerical and experimental validations are
presented. At the end of the chapter, the array is numerically tested on a composite
plate, showing that FSATs can be applied also on non-isotropic substrates.
Even if the directionality of the array is still too limited to perform SHM opera-
tions, the periodic array discussed herein is a valuable demonstration of the concept
of frequency-dependent directionality.
3.2 Configuration
In Section 2.4.3, each element of the rectangular array was considered as a point
source. Here, the array elements are realistically modeled as discs. Thus, the array











where a is the radius of each disc, while xn1,n2 defines the location of the center of
the disc n1, n2, where the integers −12(Ni− 1) ≤ ni ≤ 12(Ni− 1), while Ni defines the
number of elements of the array in the i-th direction. The position of each member
can be expressed as:
xn1,n2 = n1e1 + n2e2 (42)
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Figure 14: Periodic piezo array.
In Eq. (42), e1, e2 are two vectors defining the periodicity of the array, that
according to the configuration presented in Fig. 14, can be generally written as:
e1 = d1 cosαi1 + d1 sinαi2
e2 = d2 cos βi1 + d2 sin βi2
(43)
where d1, d2 define the spacing of the array elements along the array directions, while
α, β are the angles formed by e1 and e2 with respect to i1 respectively. For β − α =
π/2, the case of the rectangular array is recovered.
3.3 Directivity
The directivity of the array can be evaluated through the spatial FT of the material
distribution function in Eq. (41), which is given by:



















Figure 15: Quadrilateral array directivity function. Visualization of k0p,q and asso-
ciated direction θp,q for p = 1 and q = 0.
Upon manipulation, Eq. (44) can be conveniently rewritten as:
















The variation of the directivity, obtained for a = 5 mm, N1 = 7, N2 = 7, d1 = 9.9
mm, d2 = 7.6 mm, α = 30π/180, β = 135π/180, in terms of the wave vector compo-
nents is shown in Fig. 15. The choice of the parameters values has been determined
by a trial and error approach, to obtain a directivity in 4 distinct directions. The
wavenumber values which maximize Eq. (45) are obtained as solutions of the following
system of equations for a given pair of integers p, q:
e1 · k0p,q = 2pπ
e2 · k0p,q = 2qπ
(46)








Graphically, the wavevectors k0p,q of maximum directivity, can be obtained by se-
lecting a particular peak in the directivity distribution, which is equivalent in choosing
a pair of p, q, and determining the wavenumber corresponding to the radius of a circle
intersecting the peak of interest. In this way, k0p,q is determined and its associated
direction is defined by the angle θp,q between a center starting line connecting the
selected peak and the horizontal axis k1 (Fig. 15). Directivity curves for various
combinations of the integer pairs p, q are shown in Fig. 16. Compared to the re-
sults obtained for the rectangular array in Fig. 9, the improvement is evident; the
quadrilateral array shows four directions fully decoupled, instead of the only two of
the previous case. This is due to the choice of β − α 6= π/2. In fact, breaking the
symmetry of the array geometry, i.e. d1 6= d2 and β−α 6= π/2, results in a directivity
function with at least four pairs of peaks associated to four distinct wavevectors k0p,q .
Directional sensing/actuation at the considered 4 directions corresponding to the
main lobes in Fig. 16 occurs at the values of frequencies which satisfy the following
relation:
D(k0p,q , ω) = 0 (48)
which defines the dispersion relation of the considered medium, whose solution pro-
vides the value of frequency ωp,q at which the array radiates at the angle θp,q.
In the following sections of this chapter, the periodic array is considered for genera-
tion of Lamb waves in isotropic aluminum plates. First, considerations about guided
wave mode tuning are given. Next, numerical evaluation of the array directional
capabilities is provided. Then, an array prototype is realized and an experimental











































































Figure 16: Array directivity curves for various values of the p, q pair: p = 1, q = 0
(a), p = 0, q = 1 (b), p = −1, q = 1 (c), p = 1, q = 1 (d).
3.4 Wave Mode Tuning
The considered array configuration essentially operates as a spatial filter, which gen-
erates waves at a wavenumber defined by the periodicity of the array. The selection
of the wavenumber is driven by the excitation frequency, which determines the in-
tersection between the dispersion surface and the peak of the excitation distribution
in the wavenumber domain. In the case of multimodal wave propagation, as in the
case of GWs, a wavenumber is associated with multiple frequencies corresponding to
the various modes of propagation, as it is illustrated in Fig. 17 for the case of Lamb
waves in a 1 mm thick aluminum plate.
The ability to select the excited wavenumber through frequency selection allows
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Figure 17: Lamb waves dispersion curves for a 1 mm thick aluminum plate.
the choice of a specific wave mode to be generated. From this perspective, the consid-
ered array also allows wave mode tuning, in addition to the beam steering properties
discussed above. To avoid a mode multiplicity bigger than two, the frequency of
interest is considered in a range below the cut-off for the A1 mode, so that only A0
and S0 modes are supported. In this way, the dispersion curves for the considered 1
mm thick aluminum plate reduce from those presented in Fig. 17 and result simply
in those depicted in Fig. 18, which also shows how the wavenumber k0p,q can be gen-
erated by excitation at two frequencies fA0p,q and fS0p,q . The choice of the excitation
frequency between fA0p,q and fS0p,q defines the excited mode A0 or S0 as well as a
direction of radiation defined by the integer pair p, q and corresponding radiation
angle θp,q. Assuming to tune the array on the A0 mode, it is worth noting that excit-
ing the array at fA0p,q , not only enables an A0 wave, characterized by k0p,q , but also
potentially generates an S0 wave, characterized by k
′
0p,q , at the same time. To avoid
the activation of an additional steering direction, due to S0, it is necessary that no






Figure 18: A0 mode steering frequency determination of the array on a 1 mm alu-
minum plate. A0 mode solid line; S0 mode dashed–dotted line.
3.5 Numerical Evaluation of the Array Performance
The performance of an array for the directional generation of guided waves is evaluated
numerically in support of the experimental validation of the concept presented in the
following section. The array consists of surface-mounted piezoelectric discs operating
in shear mode and applying a periodic distribution of surface traction. The adopted
numerical procedure is briefly outlined in Section 3.5.1 and the obtained numerical
results are presented in Section 3.5.2.
3.5.1 Array model
The developed numerical model follows the approach described in detail in [67], where
the array design is based on the point source approximation to locate the maxima
of the surface traction distribution. The plate response is computed as a superposi-
tion of the contributions of the individual circular discs following the semi-analytical
procedure presented in [63].
The governing equation of the plate is the 3D equation of elasticity for isotropic
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plates in the absence of body forces:
µ∇2u + (λ+ µ)∇∇ · u = ρü (49)
where λ and µ are the Lamé constants, and where u = {u1, u2, u3}T is the displace-
ment vector of a material point. The analytical solution of Eq. (49) for the case of
a plate excited by a single piezo disc has been presented by Raghavan in [63] and is
summarized in Romanoni et al. in [67] as:
uDi = uDi(r, θ, h, ω), i = 1, 2, 3 (50)
where r, θ are polar coordinates with origin at the center of the piezo, as shown in
Fig. 19, and h is the thickness of the plate. The sub–script D emphasizes that the







Figure 19: Local polar reference system r, θ with origin at the center of the piezo
disc.
To compute the response of the entire piezo disc array, it is better to express the
contribution of each actuator in the global x1, x2 cartesian reference system, which
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Table 2: 2D quadrilateral array beam steering directions, wavenumbers and corre-







means to perform a coordinate transformation of the displacement solution of Eq.
(50), converting the local pair r, θ to the global pair x1−x1n1 , x2−x2n2 . The response
of a piezo disc array, ui, can now be computed through linear superposition:





uDi(x1 − x1n1 , x2 − x2n2 , ω) (51)
Note that ui is obtained as the combination of the symmetric (S0) and anti-
symmetric (A0) mode contributions and that no higher modes are excited in the
interested range of frequency.
3.5.2 Results
The analysis is conducted considering an aluminum plate (Young’s modulus E = 69
GPa, Poisson’s ratio ν = 0.33, density ρ = 2700 kg/m3, thickness h = 1 mm) on which
a 7×7 array of 5 mm diameter piezo discs are bonded resulting in a configuration
presented in Fig. 20. Specifically, the array parameters are the same as those used
to generate Figs. 15 and 16, and for simplicity are reminded here: d1 = 9.9 mm,
d2 = 7.6 mm, α = 30
◦ and β = 135◦. The first four lowest steering wavenumbers,
with the corresponding radiation angles and excitation frequencies for the A0 mode
are listed in Table 2.
The dispersion circles at the frequencies listed in Table 2 for the considered ar-
ray are shown in Fig. 21, to illustrate the directional properties of the array at the
considered excitation frequencies.
The array is driven by a 7–cycles burst sine shown in Fig. 22, for the case of
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Figure 20: Quadrilateral array configuration.
Figure 21: Location of array directivity maxima in the wavenumber domain, and
intersection with dispersion relation at frequency fA0p,q : 95 kHz (solid line), 150 kHz
(dashed line), 200 kHz (dash-dotted line), 280 kHz (dotted line)
40
95 kHz center frequency. The frequency range included in the 3–dB limits can be
considered the relevant frequency bandwidth of the signal. As seen is Section 3.4, an
exciting frequency, through the medium dispersion relation, generates a wave with
a determined wavenumber. Therefore, because the sine burst is characterized by a
frequency bandwidth, it generates a wave packet characterized by a bandwidth in the
wave number domain, which is represented schematically in Fig. 23, with solid circles
corresponding to the center frequency and the dashed circles defining the 3–dB limits.
The region enclosed by the 3–dB limits crosses only a pair of array directivity peaks,
preserving the directionality of the array.
(a) (b)
Figure 22: Tone burst 7–cycles centered at 95 kHz: time domain (a); spectrum (solid
line: center frequency, dashed line: 3-dB bandwidth limits) (b).
Figure 24 shows the plate out-of-plane response for burst excitations centered at
the frequencies listed in Table 2. The plots, which represent the magnitude of the
response evaluated at the center frequency, clearly show the directional characteristics
of radiation, and confirm the radiation directions predicted through the directivity
analysis summarized in Fig. 16. The presence of low magnitude responses in radiation
angles other than the predicted ones is caused by the intersections of the dispersion
circles (Fig. 21) with the secondary and much lower directivity peaks which activate
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Figure 23: Wavenumber content of a tone burst excitation (solid line: center fre-
quency, dashed line: 3-dB bandwidth limits).
secondary lobes in the radiation pattern.
3.6 Experimental Evaluation of the Array Performance
This section presents the experimental characterization of the quadrilateral array con-
sidered in this study. A first step towards the validation of the numerical predictions
of steering frequencies requires the experimental evaluation of the dispersion curves
for the plate under consideration and their correlation with the analytical ones used
for the array design. This is achieved by exciting the considered plate with a sin-
gle piezo disc mounted at its center, by recording full wavefield data over the plate
surface, and by post-processing the response to evaluate its wavenumber content at
various frequencies. The array is subsequently mounted on the plate and its directiv-
ity is evaluated through a two-step process. The steering frequencies are first found
through the analysis of the broadband response of the plate. Narrow-band excitation
at the steering frequencies is then used to evaluate the directivity of the array and




Figure 24: Simulation of plate response for burst excitation centered at the direc-
tional frequencies of Table 2: (a) 45◦ @ 95 kHz; (b) 120◦ @ 150 kHz; (c) −17◦ @ 200
kHz; (d) 88◦ @ 280 kHz.
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3.6.1 Dispersion Curve Correlation
Experimental estimation of the dispersion properties is conducted by instrumenting
the plate with a single 5 mm diameter PZT transducer driven by a broadband pulse.
The plate response is recorded by a SLDV which scans a square region of dimensions
220 mm × 220 mm. The spatial resolution of the measurements corresponds to a
grid with horizontal and vertical spacing respectively equal to ∆x1 = ∆x2 = 2.2
mm. These scan region dimension and grid spacings allow to perform the following
wavenumber analysis avoiding spatial aliasing up to 1428 rad/m and with a wavenum-
ber resolution, ∆k = 29 rad/m, values considered sufficient to assure an accurate
analysis.
The captured wavefield u3(x1, x2, t) is transformed to the frequency/wavenumber
domain to obtain û3(k1, k2, ω) using a 3D FT, which is defined as:









where k1, k2 are the wave vector components along the horizontal and vertical axis,
respectively.
The obtained values of û3(k1, k2, ω) are stored in a 3D matrix, which can be
graphically represented as a succession of wavenumbers cross–sections referred at
different frequencies, as it is portrayed in Fig. 25. In this way, each bi–dimensional
wavenumbers cross–section contains the transformed displacement û3(k1, k2, ω) at a
particular frequency.
Contour plots of a wavenumber cross–section at a specific frequency ω0, which
gives û3(k1, k2, ω = ω0), show the wavenumber content of the plate response at the





























Figure 25: Schematic visualization of û3(k1, k2, ω) 3D data structure. Transformed
displacement û3(k1, k2, ω) is stored in a succession of bi–dimensional matrices (gray
squares) spanning the wavenumber domain at each frequency, forming a 3D matrix.
provided by the single piezo disc is illustrated by the contour circles found for var-
ious excitation frequencies (105 kHz, 150 kHz, 200 kHz and 280 kHz). The analyt-
ical A0 dispersion circles, obtained using a Semi–Analytical Finite Element (SAFE)
method [55, 10], are the superimposed dashed curves and show an excellent agreement
with the experimental dispersion circles, which indicates that accurate knowledge of
the properties of the plate can be used for the actuator design and correlation be-
tween numerical and experimental performance. It is interesting to note that for the
shown frequencies a single circle is observed from the analysis of the experimental
data, corresponding to the A0 mode. The S0 mode can be seldom visualized given it
predominant in–plane polarization. For this reason, S0 is hard to be recorded through
an SLDV, which detects out–of–plane displacements. On the contrary, A0 is mainly
an out–of–plane mode, and, in a SLDV acquisition, it results to be the dominant




Figure 26: Analytical (dashed line) and experimental (contour plot) A0 mode dis-
persion circles of a 1 mm 6061 aluminum plate at frequency (linear scale): (a) 105
kHz; (b) 150 kHz; (c) 200 kHz; (d) 280 kHz
3.6.2 Array Configuration
A 7×7 2D periodic array, as described in Section 4.4, was implemented on a 6061
aluminum plate of dimension 957 mm × 890 mm × 1 mm. The array uses 5 mm
diameter PZT disc transducers with spacing of 7.6 mm and 9.9 mm (Fig. 27). The
transducers are bonded to the plate with electrically conductive epoxy so that the
entire plate can be used as the ground. Also, top electrodes of the transducers are
connected together with copper tape serving as the positive terminal. Thus, all the
transducers in the array can be excited simultaneously by only two wires. For the
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purpose of insulation, stripes of electrical tape were placed in between the transducers.
The discs are driven first by a broadband pulse from a Panametrics-NDT 5058PR
pulser to find the experimental steering frequencies of the array and, then, by am-
plified 7-count tone bursts, provided by an Agilent 33220A function generator, to
evaluate array directivity. At 900 volts level, the pulser has the 10%− 90% rise time
trise ≤ 40 ns. The bandwidth of the pulse can be estimated as BW = 0.35/trise =
8.75 MHz [30], which is wide enough to excite the bandwidth of interest (< 300 kHz).
When excited by the pulser, the SLDV was set to filter out unwanted frequency com-
ponents by using a bandpass filter ranging from 10kHz to 500kHz. When excited by
tone bursts, the bandpass filter was set to ±10 kHz around the tone burst central
frequency.
Figure 27: Quadrilateral array made by PZT discs mounted on an aluminum plate.
3.6.3 Array Characterization Using Broadband Pulses
The first step in the characterization of the array’s radiation directivity consists in
identifying the radiation directions and the corresponding steering frequencies. This
can be efficiently done by using the pulser to excite the array and record the wavefield
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data u3(x1, x2, t). For broadband excitations, the array radiates mostly at the fre-
quencies of intersection of the dispersion curves and the maxima of array directivity
function, |D(k0(ω), θ)|. At these frequencies, the array radiates along the correspond-
ing steering directions. Such radiation patterns can be visualized by evaluating and




u3(x1, x2, ti)2/N (53)
Figure 28: Array RMS radiation pattern using broadband pulses.
where N is the number of time samples. The results of Fig. 28 clearly show four
evident radiation directions. Subsequent frequency analysis of the data identifies the
frequencies corresponding to each directional response as ≈ 105, 150, 200 and 280 kHz,
which correlate well with the theoretical predictions of Table 2, with the exception of
the first experimental value which is approximately 10% higher. The discrepancy may
be caused by a not precise disc transducers positioning during the array installation on
the plate, which results in an altered array directivity function with maxima shifted
from their expected position.
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3.6.4 Array Characterization Using Narrowband Tone Bursts
With the knowledge of the steering frequencies identified in Section 3.6.3, narrowband
tone bursts centered at the steering frequencies were employed to better evaluate the
radiation patterns, given the fact that tone bursts concentrate the excitation energy
in a narrow frequency bandwidth. Again, the radiation pattern of the array at the
steering frequencies can be characterized in the time domain through RMS values of
the wavefield data, as described by Eq. (53). The results are depicted in Fig. 29,
which are in good agreement with those of Fig. 28 using the pulse excitation and with
the numerical predictions presented in Fig. 24 of Section 4.4.
Alternatively, the wavefield data are interpreted in the frequency/wavenumber
domain, which shows the directionality of the array as peaks associated with a spe-
cific wavenumber vector and a corresponding radiation direction. This representation
highlights a clear difference between the wavenumber content of the single, omnidirec-
tional disc transducer used for the dispersion analysis, whose response is characterized
by circular contours (Fig. 26). The array radiation patterns presented in Fig. 30 are
superimposed with the A0 mode analytical dispersion circles (dashed line), which
shows that the A0 mode is mostly excited. In addition, the dash-dotted line indi-
cates the radiation direction predicted by the theory. The presence of the A0 mode
radiation shows the tuning capabilities of the array, while the good agreement of the
radiation directions validates the theoretical approach to the array design. At 105
kHz and 280 kHz, the array shows the best directivity without coupling to other di-
rections (Fig. 30a and Fig. 30d). Slight coupling between 150 kHz and 200 kHz was
observed as manifested by the presence of contour of energy peaks in each other’s
directions, as shown in Fig. 30b and Fig. 30c.
A direct approach to identify radiation directionality of the array is to perform a
polar scan around the array. The scan circle is selected with a diameter of 600 mm




Figure 29: RMS radiation directionality of the array: (a) 105 kHz; (b) 150 kHz; (c)
200 kHz; (d) 280 kHz
chosen with the only requirement to be large enough to allow a definite beam forming;
however, looking at Fig. 29, it is clear that the interference phenomena generated by
the array actuation, form waves along definite directions already at 100 mm from
the array center. The radiation strength is evaluated by calculating the recorded
wavefield RMS values (Eq. (53)) at the corresponding scan point, which is associated
with a radiation angle. This generates the polar plots presented in Fig. 32 for the


































































Figure 30: Radiation directionality of the array in wavenumber domain at: (a) 105
kHz; (b) 150 kHz; (c) 200 kHz; (d) 280 kHz
form establish a good correlation between numerical and experimental performance.
3.7 Application to Composite Plates
Till now, FSATs have been evaluated only for isotropic substrates applications. How-
ever this is not strictly necessary for the concept to be valid. In this section, the
periodic array analyzed before is applied in a composite plate. The main issue re-
lated to the dispersion properties of composite materials is discussed first, then A0
mode tuning is conducted and numerical simulations are performed to evaluate the
performance.
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Figure 31: SLDV scan circle with the diameter of 600 mm and 400 scan points, and
the array at its center (not shown).
3.7.1 Dispersion Analysis of Composites Plates
The application of the frequency-steering concept to composite materials requires
knowledge of the dispersion properties, which are highly influenced by the lay-up
sequence. Dispersion is evaluated through analytical and numerical procedures of
the kind presented in [9]. The technique consists in the discretization of the cross
section of the panel through standard finite element procedures. Wave propagation
conditions are then imposed along a specified direction, which allows the estimation
of the dispersion curves at different propagation angles; examples of dispersion curves
for different composite lay-ups, for a propagation angle of 0 deg, are presented in Fig.
33, as obtained through an in-house code implementing the approach of [9]. The
material properties and the lay-ups of the various cases are listed in Table 3 and in 4
respectively.
To appreciate the anisotropy of wave propagation in composite panels, it is better
to show the dispersion relations computed at a fixed frequency and to observe how the
wavenumbers, corresponding to different wave modes, change, varying the direction










































































Figure 32: Circle scan of RMS radiation directionality of the array at: (a) 105 kHz;
(b) 150 kHz; (c) 200 kHz; (d) 280 kHz
various wave modes, are computed at the dimensionless frequency ωh/cT = 4, where
h is the plate thickness, and cT is the transverse (in-plane shear) wave velocity in
the lamina, defined as cT =
√
G12/ρ. The results show that the dispersion behavior
becomes quite complex in particular for S0 and SH0 mode, which are clearly charac-
terized by a strong anisotropy. This suggests that array design for frequency-based
steering and tuning of these modes may be quite challenging.
The design procedure for such a case follows the same process explained for
isotropic materials, whereby the directivity function provided by the array needs to
match the dispersion curves through intersection of the peak values at selected direc-
tions. The results of Fig. 34 also show however that the A0 mode is typically almost
53
circular, behaving, therefore, similarly to an isotropic mode. Given the practical rel-
evance of A0 generation for structural integrity evaluation, the array design proposed
for isotropic materials can be easily modified to match the dispersion properties of
the composite panel as discussed in the following section. Future work will investigate
the tuning requirements for other modes, such as S0 and SH0, for directional guided
wave generation in composites.
(a) (b)
(c)
Figure 33: Composite panels dispersion curves (0 deg propagation angle): (a) Glass
fiber S2 [08] lay-up sequence; (b) Carbon fiber/epoxy T700/SE84HT [02/+902] lay-up
sequence; (c) Graphite/epoxy AS4/3502 [+456/− 456]S lay-up sequence.
3.7.2 Array Design for A0 Tuning
We considered an unidirectional composite panel with dimensions of 450 mm×450
mm×1.84 mm featuring 8 glass fiber S2 layers arranged according to the [08] lay-up
54
Table 3: Material properties of considered composite plates
Material
E11 E22 E33 G12 G23 G13 ν12 ν13 ν23 ρ
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [–] [–] [–] [kg/m3]
glass fiber S2 45760 13600 13600 5700 3000 4000 0.257 0.257 0.3 1650
T700/SE84HT 131100 8000 8000 4230 3077 4230 0.337 0.337 0.3 1560
AS4/3502 131000 11300 11300 5970 3750 5970 0.3 0.3 0.34 1578
Table 4: Lay-ups of considered composite plates
Specimen Stacking sequence Dimension
glass fiber S2 [08] 450mm×450mm×1.84mm
T700/SE84HT [02/+ 902] 450mm×450mm×2.3mm
AS4/3502 [+456/− 456]S 450mm×450mm×3mm
sequence. As indicated above, the difference compared with the isotropic plate case
is that the dispersion relation is no longer circular due to the presence of material
anisotropy. Fig. 34a shows the dispersion relations at 110kHz for the considered
composite panel; at this frequency, A0, S0 and SH0 modes are present. The A0 mode
steering frequencies of the array can still be identified by following similar procedures
outlined in Section 3.4. Figure 35a shows the intersection of the dispersion relation
of the A0 mode with the maxima of the array force distribution in the wavenumber
domain, which occurs at four steering frequencies 110, 145, 190 and 230kHz. The
simulation of the panel response excited by the array was performed through an
Abaqus finite element model of the layered panel. The model counted of C3D8R
8 nodes linear brick elements with reduced integration, with a row of elements for
each layer through the thickness of the panel. The action of the array is simulated
placing out–of–plane concentrated forces at the nodes where the array elements are
supposed to be. The time integration is performed by an explicit solver. The material
properties of the composite panel are listed in Table 3. The array shows similar
radiation properties as those in the isotropic case. As an example, Fig. 35b presents
the array radiation pattern at 110kHz in terms of out-of-plane displacements.
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Figure 34: Composite panels dispersion relations at ωh/cT = 4: A0 solid line, SH0
dashed line and S0 dotted line. (a) Glass fiber S2 [08] lay-up sequence; (b) Carbon
fiber/epoxy T700/SE84HT [02/+902] lay-up sequence; (c) Graphite/epoxy AS4/3502
[+456/− 456]S lay-up sequence.
3.8 Conclusions
In this chapter, an FSAT with the configuration of a quadrilateral periodic array
and its directivity have been presented. The FSAT array is characterized by 4 beam
steering directions associated to 4 distinct frequencies. Wave mode tuning has been
discussed. Numerical predictions are in good agreement with experimental results,
validating the concept of frequency–dependent directionality. At the end, the FSAT















Figure 35: Simulation results of the quadrilateral array on the composite panel:
(a) force distribution and A0 mode dispersion relation at: 110 kHz solid line, 145
kHz dashed line, 190 kHz dashed dotted line, 230 kHz dotted line; (b) out-of-plane
displacement pattern when excited by the array at 110 kHz.
the obtained numerical results confirm the FSATs effectiveness also for applications
on non–isotropic substrates. However, the FSAT array directivity is quite limited
for effective SHM applications. In the next chapter, the WS–FSAT configuration is




WAVENUMBER SPIRAL FREQUENCY STEERABLE
ACOUSTIC TRANSDUCER
4.1 Overview
The FSAT array of Chapter 3 is characterized by four frequency values and four
corresponding directions, which limits its potential use for directional actuation and
sensing. This motivates the investigation of new FSAT designs with continuous, or
quasi–continuous, frequency–directional capabilities.
This chapter presents a transducer geometry, which features a spiral distribution
of active material in the wavenumber domain. The Wavenumber Spiral FSAT (WS–
FSAT) is characterized by a unique relationship between frequency and direction of
generation and sensing, resulting in an excellent candidate for effective structural
health interrogations. The proposed device represents a departure from spiral-shaped
transducer configurations proposed in literature for SHM [89] and other applica-
tions [33, 58, 74, 21] since the spiral qualification of the FSAT refers to its wavenumber
representation and not to the actual shape in the spatial domain. Numerical anal-
ysis in actuation and preliminary experimental validation of the WS–FSAT are also
discussed.
4.2 Wavenumber definition of the WS–FSAT and corre-
sponding spatial shape
The frequency-dependent directivity of Eq. (17) suggests the possibility of designing
the material distribution for desired directionality at specified frequencies. One strat-
egy is to obtain a directionality pattern characterized by a unique relation between
frequency of maximum sensitivity and direction of wave propagation. Based on the
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discussions above, this may be achieved by specifying the directivity of the transducer
as a function of the wave vector k0 (ω), to then obtain the corresponding spatial dis-
tribution of the active material through an inverse FT in space (Eq. (18)). A desired
directivity distribution features a single lobe at angles which vary with frequency and
associated wave vector of the propagating wave. This corresponds to a directivity
function D with maxima defining a spiral in the wavenumber domain. A schematic of
the desired wavenumber directivity is presented in Fig. 36, which shows the desired
location of the directivity maxima tracing a spiral in wavenumber space. The spiral
shape allows for iso-frequency circles corresponding to a given wavenumber to inter-
sect a single directivity maximum, and therefore to identify a single direction for the
given wave vector. In the schematic of Fig. 36, intersections with 3 circles are shown
to illustrate how increasing wavenumbers, and therefore frequencies, corrrespond to
transducer sensitivities at increasing angles of wave direction. Such wavenumber val-
ues are associated with frequencies of maximum transducer directivity through the






Figure 36: Schematic of spiral directivity in the wavenumber domain.
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The spiral directivity function may be expressed as follows:






J1 (a |k0 − kn|)
a |k0 − kn|
− J1 (a |k0 + kn|)
a |k0 + kn|
]
(54)
where a is the patch radius in spatial domain, J1(x) is the first order Bessel function
and kn denotes the wave vector corresponding to the angle θn at which the n-th
maximum of the spiral is located (Fig. 36), and where a corresponding directional
lobe occurs. The location of kn as a function of θn is given by:
kn(θn) = [(kM − km)
θn − θm
θM − θm
+ km](cos θni1 + sin θni2) (55)
which is the shape of an Archimedean spiral [78] defined in terms of minimum and
maximum values of the wave vector amplitudes km and kM , which in turn corre-
spond to maximum directivities occurring respectively at angles θ = θm and θ = θM
(Fig. 36). These bounds on the wave vector’s amplitude are associated with frequency
limits which essentially define the bandwidth of the transducer.
The spatial distribution corresponding to Eq. (54) is obtained using Eq. (18),
which leads to a convenient analytical evaluation of the shape of the WS–FSAT. The
sum of two Bessel functions in Eq. (54) is introduced to ensure that the corresponding
inverse FT leads to a real valued function f(x). The spatial distribution of the









sin(kn · x) (56)
which is obtained by evaluating the inverse FT of Eq. (54) analytically.
As a way of an example, Figure 37(a) shows the directivity of a spiral with pre-
ferred directions N = 22, with θm = 0, θM = 120
o, km = 550 rad/m and kM = 1500
rad/m. The spiral is defined by a discrete sequence of angular values whose spacing
is selected to maintain constant arc-lengths along the spiral. This leads to a regular
spacing of the discrete frequency values corresponding to the directions θn used for
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the definition of the spiral. The corresponding spatial distribution for a radius of the
patch equal to a = 5 cm is shown in Fig. 37(b), where the gray background corre-
sponds to a value of 0, the dark regions are associated with negative values, and the
light regions define positive polarization. The design of Fig. 37(b) is denoted in the
remainder of the chapter as ‘transducer (a)’.
(a)
(b)
Figure 37: Transducer (a): spiral directivity function, |D(k0(ω), θ)| (a), and corre-
sponding spatial distribution f (x) (Eq. (56)) (b).
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Figure 38 presents four directivities for four wavenumber values kn(θn) and asso-
ciated directions θn. These directivities are computed by evaluating the directivity









































































Figure 38: Directivity curves D(k0(ω) = kn(θn), θ): (a) n = 5, θn = 31.6 deg; (b)
n = 10, θn = 62.9 deg; (c) n = 15, θn = 88.9 deg; (d) n = 20, θn = 111.6 deg.
The spatial distribution described by Eq. (56) is practically unfeasible as it requires
grading of the material or of the polarization, which is not physically possible. A
simple strategy to overcome this involves the application of a thresholding procedure
which transform f(x) in a constant-valued function distributed over the considered
domain. A tolerance value ε is introduced as a percentage of the maximum of f(x),




1, f(x) ≥ ε
0, f(x) < |ε|
−1, f(x) ≤ −ε
(57)
The design corresponding to a tolerance level of ε = 15% of the maximum of
f(x), is presented in Fig. 39(b), which shows areas in black and white correspond-
ing respectively to negatively and positively polarized regions. This configuration,
referred to as ‘transducer (b)′, has a reduced radius a = 2.5 cm in order to reduce
the overall dimensions of the transducer. The corresponding directivity is estimated
through the numerical evaluation of the associated FT and it is shown in Fig. 39(a).
The thresholding procedure along with the reduction of the radius generally intro-
duce side lobes, which are clearly visible in Fig. 39. However, of note is the fact
that the spiral distribution in the wavenumber domain is largely maintained, so that
the directional properties of the transducer are conserved. In general, transducer (b)
exhibits reduced directional performance compared to transducer (a), which is char-
acterized by wavenumber maxima located along a narrow spiral. This corresponds
to a better filtering resolution, which is important for a precise and focused direc-
tionality. The spiral for transducer (b) is wider and it is characterized by evident
side lobes. The performance of the large, non-thresholded transducer (transducer
(a)) is directly compared with that of the smaller thresholded one (transducer (b)) in
Fig. 40, which shows a cross section of the directivity functions at an angle θ = 45o,
i.e. |D(k0(ω), θ = 45o)|.
4.3 WS–FSAT design for guided wave mode tuning
The wavenumber filtering properties of the WS–FSAT can be converted to frequency
through the dispersion relations of the underlying medium. The case of Lamb waves
in isotropic plates is here considered.




Figure 39: Transducer (b): spiral directivity function, |D(k0(ω), θ)| (a), and corre-
sponding spatial distribution f̄ (x) (Eq. (57)) (b).
wave propagation is the superposition of the first anti-symmetric A0 and symmetric
S0 Lamb wave modes, i.e. for frequencies below the A1 mode cut-off. Figure 41
shows the dispersion relation for an aluminum plate with thickness equal to 0.75
mm, which is used for all the studies presented herein. Specifically, the transduc-
ers are tuned to the A0 mode frequency/wavenumber range, although a similar fre-
quency/wavenumber mapping procedure may be followed for tuning the device to
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Figure 40: Transducers directivity function, |D(k, θ0)|, along direction θ0 = π/4;
transducer (a) black solid line, transducer (b) gray dashed line.
S0. The frequency/wavenumber mapping based on the A0 dispersion branch is illus-
trated in Fig. 41 which determines the WS–FSAT frequency and wavenumber range
of operation.
For a selected wave mode, the combination of the wavenumber/direction mapping
provided by the spiral design, and the wavenumber/frequency mapping defined by
the considered dispersion branch leads to a frequency/direction correlation which
directly determines the direction of a generated/sensed wave based on the frequency
of the leading harmonic term excited/recorded by the transducer. An example of this
correlation map based on the A0 mode for the considered spiral FSAT is shown in
Fig. 42.
The WS–FSAT may operate in generation mode to perform beam steering through
a simple frequency sweep. This may enable the directional generation of Lamb waves
for active interrogation of structural health. One of the potential applications of
the FSAT in sensor mode is the localization of a broadband source based on the
received frequency. This task relies on the operation of the WS–FSAT in a frequency
range characterized by a unique relation between frequency of maximum sensitivity
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Figure 41: Dispersion relation for an Aluminum plate of 0.75 mm thickness (solid
gray line A0 mode, dashed gray line S0 mode) and determination of the A0 mode
sensing frequency fn correspondent to a wavenumber kn. Similarly, sensor bandwidth
fm − fM from km − kM . Sensor operating region in dark shaded area.













Figure 42: WS–FSAT θ-frequency correlation map based on A0 mode dispersion
branch.
and direction of wave propagation, so that ambiguities associated with multi-modal
propagation can be avoided.
4.4 Numerical evaluation in actuation mode
The performance of the transducer (b) presented in Fig. 39(b) is here evaluated nu-
merically. The choice of transducer (b), instead of transducer (a), is motivated by
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the feasibility of its practical implementation, even if better performance would be
expected by transducer (a). For this analysis the transducer is used in actuation
mode and it is assumed to be installed on a 0.75 mm thick aluminum plate. The
WS–FSAT is assumed to be driven at a specific frequency to generate guided waves
along a specific direction. The adopted numerical procedure is the same of the one
presented in Section 3.5.1 for the quadrilateral array, with the shape of the WS–FSAT
approximated as the assembly of small discs with diameter of 0.8 mm (Fig. 43). The
plate response due to the whole set of sources is computed as a superposition of the
contributions of the individual discs, weighted with the correct value of the polariza-
tion.
Figure 43: Transducer (b) discretized with a set of circular sources for numerical
analysis. White discs have opposite polarization with respect to black discs.
The directions θn chosen for the guided wave generation are the same as those
shown in Fig. 38. Figure 44 presents the plate out-of-plane response to harmonic
excitations at frequencies fn, determined via medium dispersion relation correspond-
ing to kn(θn). The plots clearly show the directional characteristics of radiation, and
confirm the radiation directions predicted by the directivities of Fig. 38. Being these




Figure 44: Aluminum plate response (0.75mm thick) for selected excitation frequen-
cies fn: n = 5, fn = 110.9 kHz (a); n = 10, fn = 183.3 kHz (b); n = 15, fn = 253.3
kHz (c); n = 20, fn = 320.4 kHz (d).
that the thresholding procedure does not compromise the directional properties of the
WS–FSAT.
4.5 Experimental validation in sensing mode
Fabrication of a spiral FSAT piezoelectric transducer prototype and its testing are
discussed in Chapter 5. Here, a preliminary experimental evaluation of the spiral
design operating in sensing mode relies on measurements performed using a SLDV on
a refined grid of points, out of which the desired WS–FSAT is sampled. This results
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in a configuration whereby the sensor output is computed as the weighted sum of
the response recorded at the selected measurement points, with weights defined by
the spiral shape function (Eq. (56)) or its thresholded version (Eq. (57)). While
different from the formulation based on piezoelectric sensing presented in Chapter 2,
this approach allows great flexibility in testing various sensor shapes, without the
need to manufacture physical sensors.
The objective of the tests is to evaluate the frequency content of the response
recorded by the WS–FSAT array for different directions of incoming waves corre-
sponding to a broadband input applied to the test structure. The intent is to simulate
the performance of a sensor as a detection device able to estimate the location of a
broadband input applied to the structure through frequency–based estimation of the
direction of arrival (DOA). The filtering properties of the transducer as a function
of DOA are compared with the theoretical predictions to validate the concept and
demonstrate its effectiveness.
4.5.1 Set-up
Tests are performed on a 6061 aluminum plate of dimensions 1 m × 1 m × 0.75 mm.
A broadband input is excited through a 5 mm PZT transducer bonded to the plate.
The PZT is driven by a 900 V pulse generated by a Panametrics-NDT 5058PR pulser.
The pulse is characterized by a 10%–90% rise time trise ≤ 40 ns, whose bandwidth,
estimated as BW = 0.35/trise = 8.75 MHz, is wide enough to excite the frequency
range of interest (<500 kHz). The plate response is recorded over a 0.1 × 0.1 m
area located at a distance of 0.28 m from the PZT disc. Wavefield measurements
over the scan area are performed by repeating the excitation pulse over each scan
point at a repetition rate of 20 Hz. The repetition rate signal is used as a trigger so
that phase information is maintained at each measurement point, and the recorded
wavefield appears as simultaneously captured in all points. This properly mimics the
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response that would be recorded by a distributed sensor covering the scan area and
evaluating the overall response of the plate over this region. The experimental set-up
is shown in Fig. 45, while Fig. 46 presents the time history and the frequency content
of plate response recorded at one of the scan points to illustrate the types of waveform
considered during the experimental evaluation. Of note is the fact that a broadband
impulse with as flat of a spectrum as possible is desired in order to provide a more
robust frequency-based estimation of DOA. As PZT discs are not ideal broadband
sources, yet are simple to operate and provide a repeatable input, refinements are
needed in order to improve of the bandwidth of the excitation.
Figure 45: Experimental setup.
4.5.2 Sampling of measurement grid and evaluation of the spiral sensor
response
The plate response is measured over a grid of M ×M points, with M = 128. Sam-
pling of the measurement points is simply performed by evaluating the sensor shape
function f(xj) at grid point xj. The measurement grid, and the sampled version
based on the considered shape for the spiral sensor are shown in Fig. 47.
The response of the WS–FSAT array obtained from the sampling of the grid
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Figure 47: Measurement grid over scan area (a), and sampled grid corresponding to
the spiral FSAT obtained through weighting according to Eq. 57 (black squares and
gray crosses respectively denote locations xj where f̄ (xj) = 1, and f̄ (xj) = −1 (b).
response is evaluated for different orientation of the sensor with respect to the broad-
band source. The PZT disc used for excitation is maintained in a fixed position,
and the influence of source-sensor relative orientation is estimated by rotating the
sampled WS–FSAT with respect to the PZT. This is conveniently achieved through
a coordinate transformation for each grid point xj based on the desired angle of rel-
ative rotation θ. A single set of experimental data thus allows the estimation of the
directional dependence of the sensor output for a complete angular sweep.
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Given relative angular position θ, the WS–FSAT response is computed through
a discretized version of Eq. (18). If u(xj, t) denotes the response measured by the
SLDV at location xj, the spiral FSAT response is computed as:
qa (t, θ) =
M2∑
j=1
f (xj, θ)u(xj, t) (58)
where the weights f (xj, θ) are calculated based on the analytical spiral FSAT ex-
pression:








sin(kn(θn − θ) · xj) (59)
for the case of the non-thresholded sensor, while the response of the thresholded
sensor can be similarly expressed as:
qb (t, θ) =
M2∑
j=1
f̄ (xj, θ)u(xj, t) (60)
The response of the continuous sensor presented in Chapter 2 is here replaced by a
weighted sum of the point responses u(xj, t) recorded over the scan area. Subscripts
“a” and “b” in Eq.s (58),(60) refer to the sensors design previously described, and
denoted as transducer (a) and transducer (b). Of note is the fact that while the practi-
cal implementation of transducer (a) is not feasible, the evaluation of its performance
through the considered approach and Eq. (58) allows considering it as a baseline
against which the performance of thresholded designs of the kind of transducer (b)
can be evaluated.
4.5.3 Spatial filtering & frequency dependent directionality
FSATs, as stated in Chapters 2 and 3, can be considered as spatial filters. The
experiment described so far provides a nice example to visualize the concept. From
the SLDV acquisition, three transducers signals have been synthesized: qa (t, θ) and
qb (t, θ) according to Eqs. (58) and (60) respectively, for the case of θ = 50
◦, and qR(t),






The Short Time Fourier Transform (STFT) [56] of these synthesized signals is
presented in Fig. 48. For the reference signal, obviously, no filtering action is observed,
as indicated by the wide range of frequencies present in the time–frequency map. The
peak in the proximity of 230 kHz is due to the not–completely flat frequency content of
the excitation. This is evident also in Fig. 46 in the spectrum of a generic acquisition
point. The STFT allows to visualize wave dispersion. In Fig. 48(a), spectrogram
peaks are distributed along an “hyperbole” like curve, which is associated by the group
delay curve due to the different waves speed at various frequencies. In Fig. 48(b),
the filtering effect of transducer (a) is clear, producing a signal qa with a frequency
content concentrated only around 150 kHz, as expected for θ = 50◦, looking at the
θ-frequency correlation map of Fig. 42. In Fig. 48(c), similar considerations can be
made for transducer (b); in addition, other than the main peak around 150 kHz,
frequency side lobes are visible, caused by the inaccuracy introduced by thresholding.
Additional results are presented based on the estimation of the spectral content
of the response recorded for increasing angles of DOAs. The considered angles and
related results are reported in Table 5, which lists the theoretically expected frequen-
cies of peak harmonic response compared with those estimated experimentally on the
basis of the two considered sensor designs. The frequency peaks are derived from the
wavenumber/frequency mapping based on the A0 mode dispersion, estimated from
the analytical evaluation of the dispersion relations for the considered aluminum plate.
The comparisons show a very good agreement between expected and measured fre-
quency peaks, and between actual and estimated DOA for both sensor designs. As
expected the estimations based on the thresholded, smaller transducer (b) are less





Figure 48: Spectrograms of synthesized spiral FSAT signals for θ = 50◦; reference
signal, qR (t) (a), qa (t, θ) (b), qb (t, θ) (c).
The frequency filtering characteristics of the two sensors are compared in Fig. 49,
which shows the frequency spectra corresponding to the estimated responses qa and
qb for different values of the angle θ. The plots also show the expected frequency
corresponding to the considered angle as a vertical dashed red line to provide a visual
comparison of the accuracy of the predictions.
Results presented in Fig. 49 and Table 5 overall demonstrate the good perfor-
mances of the sensors. The sensors filter the input signal quite sharply around the
expected frequency. The DOAs detected by both sensors are very close to those ex-
pected. In particular, from the spectra of Fig. 49, one can observe that both sensors
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Table 5: Actual vs estimated peak frequencies and angles of DOA for transducers
(a) and (b).
Actual
f [kHz] 70 108 152 202 257 315
θ [deg] 10 30 50 70 90 110
Estimated (transducer (a))
f [kHz] 74 112 158 209 254 311
θ [deg] 12 32 52.5 72.6 89 108.5
Estimated (transducer (b))
f [kHz] 75 112 146 212 272 310
θ [deg] 12.8 32 47.4 73.8 95.4 108.1
detect a main peak very similar to each other for all DOAs considered. The most
evident difference is the presence of side lobes for transducer (b), as however expected
looking at the directivities in Fig.s 37(a),39(a) and 40. The presented results validate
the WS–FSAT concept and show that the thresholding strategy, as in the case of the
previous numerical analysis in actuation, does not compromise the sensor effective-
ness, even if it leads to a performance reduction. This is an important conclusion to
be taken into account when investigating the practical implementation of a WS–FSAT
device.
4.6 Conclusions
In this chapter, the design of an FSAT with continuous frequency dependent direc-
tionality is presented and evaluated numerically in actuation and experimentally in
sensing. The transducer is characterized by a geometry whose wavenumber domain
representation features maximum amplitudes located along a spiral. The resulting
WS–FSAT leads to a quasi–continuous frequency–dependent directional performance.
This is verified numerically in actuation. In sensing mode, the transducer acts as a
spatial filter at frequencies which vary with the direction of the incoming wave. Test-
ing is performed by synthesizing the transducers as an assembly of properly arranged
points belonging to the measurement grid of a SLDV. The presented experimental
results show how the WS–FSAT is capable of determining the direction of the incom-
ing wave through the received frequency into a wavenumber value. The demonstrated
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Figure 49: Comparison of spectra detected by the two spiral arrays at different angles
θ: black solid line, transducer (a); gray dashed line, transducer (b); red vertical dot
dashed line, expected peak frequency. (a) 10o, (b) 30o, (c) 50o, (d) 70o, (e) 90o, (f)
110o.
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frequency-dependent directionality suggests how WS–FSATs may significantly facili-
tate the location of acoustic broadband events.
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CHAPTER V
WS–FSAT PROTOTYPING AND TESTING
5.1 Overview
Chapter 4 presented the design of WS–FSAT and its frequency–dependent direction-
ality characteristics.
This chapter illustrates the practical implementation of a WS–FSAT based on
inkjet printing of the electrode patterns on a polyvinylidene fluoride (PVDF) sub-
strate. Sensing performance of the produced prototype is evaluated experimentally
in the presence of broadband acoustic sources. More precisely, the angular location
of the sources is determined from the spectrum of the WS–FSAT acquired voltage
signal. The successive implementation of a signal processing algorithm for the anal-
ysis of the output of the WS–FSAT provides the direct visualization of the source
location over the area of interest. The algorithm allows for the estimation of source
location through time delay evaluations. This is achieved by exploiting the concept
of frequency warping [17].
5.2 Prototyping
As stated in Section 4.2, the feasible WS–FSAT design is the one considering a
thresholding procedure applied to the analytical spatial distribution of active ma-
terial obtained with Eq. (56). An example of feasible design is shown in Fig. 39(b).
To simplify the manufacturing process, instead of realizing a spatial distribution of
piezoelectric material, formed by separate areas with opposite polarization as implied
in the previous chapter, an alternative, simpler solution has been implemented. An
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equivalent sensor is manufactured with a continuous distribution of piezoelectric ma-
terial, but with an electrode pattern reproducing the material distribution obtained
after the thresholding procedure. In this case, the polarization of the active material
is obviously the same in the entire sensor, but grouping the electrodes areas in two
separate channels and considering the differential signal of the two, the overall effect
of this manufacturing solution is the same of the previous one. This consideration is
based on the observation that the voltage sensed by a piezoelectric sensor is the result
of an integration over the portion that is covered by the electrodes. The prototype
fabrication discussed in this section, is designed for sensing applications, because the
piezoelectric substrate adopted, polyvinylidene fluoride (PVDF), generally does not
provide enough actuation authority for wave generation [24].
5.2.1 WS–FSAT design
The WS–FSAT chosen for the practical realization is characterized by the following
design parameters: N = 22, θm = 0, θM = 180
o, km = 528 rad/m and kM = 1509
rad/m, which corresponds to a frequency bandwidth from 50 kHz to 350 kHz assuming
the installation on a 0.82 mm thick aluminum plate. The radius of the patch is equal
to a = 2.5 cm and the tolerance level is ε = 8.2%, which is sufficient to assure
well separated electrodes’ areas. Figure 50 presents the electrode distribution of the
considered WS–FSAT, corresponding to the two polarizations represented as black
and white areas.
5.2.2 Inkjet fabrication
PVDF, whose material characteristics are listed in Table 6, represents an ideal sub-
strate for the realization of FSATs suitable for sensing operation; in fact, its high
flexibility allows to produce patches for installation also on curved surfaces, and its
light weight is an undoubtable added value considering potential applications for
aerospace structures. As it comes in thin sheets, it is fully compatible with inkjet
79
(a) (b)
Figure 50: Adopted design for WS–FSAT prototyping: electrodes distribution f̄ (x);
white and black areas represent the two groups of electrodes (a), and corresponding
directivity function, |D(k0(ω), θ)| (b).
printing, which provides an optimal choice for patterning electrodes with complicated
shapes such as those involved in the spiral FSAT depicted in Fig. 50(a). The adopted
fabrication approach consists in printing the electrodes’ geometry as a thin polymer
film on a metallized PVDF substrate and using the printed features as an etch resist
mask for a subsequent metal etching step. The procedure is performed on a single
side of the substrate, while the back side metallization provides the common ground
electrical connection. A 110 um-thick PVDF film with a two-layer metallization (40
um Copper/15 um Nickel) is employed. The printer is a Microfab Jetlab II system
shown in Fig. 51(a). An ultraviolet (UV) curable optical epoxy (Norland 89) proved
to be a suitable ink, yielding highly reproducible features with 100 um resolution,
which is sufficient for the present application. The printed image is a black and white
bitmap representation of the electrodes’ pattern (Fig. 52(a)) with size 625×625 pixels,
which corresponds to a pixel spacing of 80 um for the printer, resulting in sufficient
overlapping of adjacent ink drops. After printing the pattern with a stage velocity of
50 mm/sec, a 5-minute exposure to UV light provides adequate curing for the sample
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(Fig. 52(b)). The obtained polymeric pattern provides sufficient coverage of underlay-
ing regions for wet etching of the metal, which is performed through a 15% solution of
Ferric Chloride (FeCl3) in distilled water. The back side of the sample is protected to
preserve its metallization. After etching, the sample appears as shown in Fig. 52(c).
A few small imperfections are seen at some feature edges, but they were not found
to affect electrical performance of the sensor. These imperfections are expected to
be eliminated by further optimization of the printing process (pixel density, printing
velocity, etc.). The polymer mask is finally stripped away with methylene chloride
and methanol, leaving the desired electrodes’ geometry visible in Fig. 52(d).
Table 6: PVDF material characteristics [66]
cE11 = 3.6110
9 Pa cE22 = 3.1310
9 Pa cE33 = 1.6310
9 Pa
cE12 = 1.6110
9 Pa cE13 = 1.4210
9 Pa cE23 = 1.3110
9 Pa
cE44 = 0.5510
9 Pa cE55 = 0.5910
9 Pa cE66 = 0.6910
9 Pa
ε0 = 8854× 10−12 F/m d15 = 27× 10−12 C/N d24 = 27× 10−12 C/N
d31 = 25× 10−12 C/N d32 = 2× 10−12 C/N d33 = −33× 10−12 C/N
εσ11 = 7.35ε0 ε
σ
22 = 9.27ε0 ε
σ
33 = 7.75ε0




Figure 52: WS–FSAT prototyping steps: bitmap representation of electrodes pattern
(a); printed ink pattern (b); metal etching (c); ink stripping (d).
The outlined fabrication process is fast and provides great flexibility in terms of
the shapes that can be patterned. Moreover, the “mask & etch” approach ensures op-
timal performance of the electrodes, as they are realized with the original conductive
coating provided by the PVDF vendor, while potential issues related to coverage uni-
formity are prevented, that could arise when patterning the electrodes with metallic
ink directly on an unmetallized PVDF film. Finally, it is worth noting that this pro-




Testing of the proposed transducer for angular localization of broadband acoustic
sources is described in this section. The inspected structure is a 0.82 mm–thick
aluminum plate of size 915 mm × 915 mm. The fabricated WS–FSAT is attached
at the center of the plate through epoxy glue, as shown in Fig. 53(a). The detail of
electrode areas connection is shown in Fig. 53(b): areas belonging to the two groups
of electrodes have been connected together, bridging them with copper wires bonded
with conductive epoxy. On the right side of the figure, it is possible to observe two
wires which continue also beyond the picture. These are the wires of the two channels,
which provide the output signals of the device.
(a) (b)
Figure 53: WS–FSAT prototype installation on aluminum plate (a), and particular
of electrodes’ connection (b).
5.3.1 PVDF patch influence on wavefield
The spiral WS–FSAT prototype influence on an incoming wavefield is considered in
this section, to verify the plane wave assumption made in Section 2.2.3. A 5 mm–
diameter PZT disc has been placed 300 mm far from the WS–FSAT and excited with
a tone burst centered at 160 kHz. The generated wavefield is recorded over an area
enclosing the patch by a SLDV. The objective is to observe the interaction of the
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PVDF patch with the wave propagation in the underlying aluminum substrate. Two
subsequent snapshots of the wavefield across the sensor are presented in Fig. 54. It
can be observed that for a source placed 300 mm away from the sensor, the plane
wave front assumption of the incoming wave is respected. Moreover, even if the
wave arrival on the sensor generates some reflections, these are of very low intensity
compared to the incident wave. Similarly to what done in Section 3.6.1, the captured
wavefield, u3(x1, x2, t), is transformed to the frequency/wavenumber domain to obtain
û3(k1, k2, ω). The wavenumber content of the plate response at 160 kHz is illustrated
in Fig. 55. The same observations made for the snapshots of Fig. 54 can be made
also looking at this figure. In fact, the concentration of the response in a small area
approximately centered in k1 = 0 and k2 = 1000 rad/m means an almost plane wave
propagating in vertical direction. Hence, it is possible to conclude that the presence
of the WS–FSAT does not alter significantly the wavefield, resulting in an almost
inert sensing device.
(a) (b)
Figure 54: Incoming wavefield crossing the WS–FSAT prototype in two different
time instants; earlier instant (a), and successive (b). Device dimensions highlighted
by solid white line.
84
Figure 55: Wavenumber content of the plate response at 160 kHz (dB scale).
5.3.2 Acoustic source angular localization
The sensing performance of the device is tested for broadband acoustic source local-
ization. Acoustic sources are represented by 5 mm–diameter PZT transducers driven
by a broadband pulse excitation. The PZTs are attached at various locations of
the plate through Sonotech shear couplant gel. Each PZT is excited once per time
from a distance of 300 mm from the WS–FSAT center to emulate broadband acoustic
events that the device is expected to detect. The differential voltage obtained by the
two channels of the WS–FSAT is recorded by a Tektronix TDS2024 oscilloscope and
then stored into a PC using a MATLAB graphical user interface (Fig. 56). Tests are
performed for the angular positions shown in Fig. 56.
5.4 WS–FSAT sensor performance
In this section, the results of the testing described in Section 5.3.2 are presented.
The directional sensing capability of the WS–FSAT is shown processing the signals
acquired for each acoustic source position. In Section 5.4.1, results obtained just
performing an FFT of the signal are illustrated. In Section 5.4.2, a more sophisti-
cated algorithm for source localization is introduced and, in Section 5.4.3, the results
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Figure 56: Experimental setup for WS–FSAT testing: sensed voltage is acquired
with Tektronix TDS2024 oscilloscope and then transferred to a PC for processing.
Circles denotes positions of simulated acoustic sources.
Figure 57: WS–FSAT prototype θ–frequency correlation map based on A0 mode
dispersion branch in a 0.82 mm–thick aluminum plate.
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Table 7: Actual vs estimated peak frequencies and angles of DOA for WS–FSAT
prototype.
Actual
f [kHz] 84 104 126 174 228 257
θ [deg] 30 45 60 90 120 135
WS–FSAT estimation
f [kHz] 93 102 132 188 229 266
θ [deg] 37 44 64 98 120 139
obtained with the algorithm are presented.
5.4.1 Spatial filtering & frequency dependent directionality
The frequency content of the acquired voltage signals is computed through an FFT to
verify the spatial filtering properties of the WS–FSAT, similarly to the data analysis
described in Section 4.5.3. Frequency peaks in the spectra are compared with the
θ–frequency map of the spiral FSAT based on A0 mode dispersion branch to detect
the direction of the incoming wave (Fig. 57). Test results are shown in Fig. 58, where
frequency values corresponding to actual source angular positions are indicated by
a red dashed line. The WS–FSAT filters the input signal quite sharply around the
expected frequency providing consistently correct information on the source angular
location. The maximum localization error in these tests was found to be below 8◦
(Table 7).
The amplitudes of the frequency peaks for the tested directions are compared
to each other in Fig. 59, in which the relative amplitudes, computed dividing the
obtained values with the highest one, are shown. The difference in the amplitudes is
due to the non–uniform sensitivity of PVDF at various frequencies, to the thresholding
procedure of electrodes which introduces different filtering weights, and to the non–flat
spectrum of the source excitation. However, this DOA–dependent sensed amplitude
is a secondary effect compared to the WS–FSAT frequency sharp filtering observed in
Fig. 58. In fact directional information is extracted by the frequency peak location,
not by its intensity.
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Figure 58: Normalized spectra of signals sensed by WS–FSAT due to various loca-
tions of acoustic sources; red dashed line expected frequency peak position according
to correlation map: (a) 30◦ source; (b) 45◦ source; (c) 60◦ source; (d) 90◦ source; (e)
120◦ source; (f) 135◦ source.
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Figure 59: Relative amplitude of the frequency peaks for the tested directions.
5.4.2 Algorithm for source localization
The directional properties of the WS–FSAT enable imaging of 2D areas through the
data recorded from the WS–FSAT. Two-dimensional imaging requires the estimation
of both distance and directional information from the recorded signal. The latter is
associated to specific spectral features of the acquired waveform. In particular, the
DOA is defined, as previously, by a peak in the signal spectrum centered around the
frequency corresponding to the direction of the incoming wave. This relies on the
assumption that the frequency content of the excitation signal is sufficiently flat in
the considered frequency range, so that the filtering properties of the WS–FSAT are
not biased by a narrowband excitation. The traveled distance is evaluated through
the estimation of time-of-flight (TOF). Complications related to the dispersion of
GW propagation are minimized through the analysis of the recorded signals using
the Warped Frequency Transform (WFT) [17, 7].
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5.4.2.1 Warped Frequency Transform
The WFT performs a deformation of the frequency axis to compensate for dispersion
and to allow for accurate estimation of the traveled distance in broadband propagation
environments.
Assume that the acquired signal by the receiving transducer is s(t) and that it
is due to the propagation of a guided wave generated by an acoustic source in an
unknown position but at the known time instant, t = 0. Knowing s(t) and knowing
the propagation characteristics of the guided wave mode, it is possible to describe a






where t is time and x′ is the propagation distance of the guided wave measured
from the receiving transducer position, k(ω) is the angular wavenumber of the guided
wave mode as a function of angular frequency, ω, and S(ω) is the Fourier transform
of s(t). Considering the group velocity of the GW mode to be tracked, i.e. A0 in the








where τ(ω) = x′/cA0(ω) is the group delay of the mode traveling along the structure.
The goal is to convert s(t) to a function of propagation distance rather than
time and to compensate the dispersed signal in s(t). If s(t) is supposed to be back–
propagated, the signal converges to reach a minimum in spatial duration when it
crosses the t = 0 line; continuing the back–propagation it would result in a signal
divergence (Fig. 60). Therefore, the dispersion compensated space signal with the
minimum duration, sw(x), can be computed as:
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sw(x) = u(x







where x is the distance from the receiving transducer, but in the opposite direction





Figure 60: Schematic diagram illustrating the application of the dispersion compen-
sation algorithm. Receiving transducer is placed at the axes origin 0.
Equation (64) is evaluated by designing the warping map w(ω) according to the








where K is a normalization constant and w−1(ω) denotes the functional inverse of




= w−1(ω)⇔ ω = w(ωw) (66)






where ẇ(ωw) = dw(ωw)/dωw.
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Finally, Eq. (67) represents the warped frequency transform, applied to the ac-
quired time signal s(t), and allows to calculate the warped signal in space, sw(x).
The WFT can be efficiently computed as a non-uniform Fourier transform associated
with w(ω), followed by a conventional inverse FT [17].
5.4.2.2 STFT for distance and direction retrieval
The STFT of the acquired signal is an ideal tool for the simultaneous retrieval of
both DOA and TOF. The STFT of the warped signals produces spectrograms where
time is directly replaced by a space variable expressing the traveled distance. Fur-
thermore, all frequency components associated to a specific propagation path of the
incident wave packet are mapped to the same traveled distance. Acoustic events, due
to wave generation, therefore appear as localized high-energy spots in the warped
spectrogram, with range and angular information provided by the spatial and fre-
quency coordinate, respectively. Spectral localization produced by the filtering effect
of the WS–FSAT yields a warped frequency information, which can be univocally
associated to the corresponding (unwarped) frequency through the inverse warping
map w−1(ω). Finally, the DOA is estimated by combining eq. (55) with the disper-
sion relation of the considered medium. The procedure, illustrated in Fig. 61, allows
converting the warped spectrogram of a signal recorded by the WS–FSAT into a po-
lar image of the inspected area which directly provides location information for the
source (see Section 5.4.3).
5.4.3 Results
The imaging technique presented in the previous section has been applied to the
FSAT signals acquired in the experiment presented in Section 5.3.
The voltage signal, s(t), measured in the case of the source positioned at 45◦ is
shown in Fig. 62(a) and the relative time–frequency representation is presented in
Fig. 62(b). As expected, a high-energy spot appears at the intersection between the
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Figure 61: Directional information retrieval from the warped spectrogram. (a)
Warped to unwarped frequency map obtained from eq. (65). (b) Frequency-angle
map calculated by plugging the dispersion relation of the medium into eq. (55).
group delay curve τ(ω) = D/cA0(ω) associated with propagation over the distance
D = 300 mm between the WS–FSAT and the acoustic source (solid line) and the
frequency coordinate corresponding to the direction of arrival (dashed line).
The WFT provides the desired signal compression and distance information, as
it can be seen from the warped signal, sw(x), in Fig. 62(c). A similar information
on wave packet compression due to dispersion compensation can be observed from
the warped spectrogram, obtained performing a conventional STFT to the warped
signal, shown in Fig. 62(d). In particular, three wave–packets are present in the
warped signal graph, but only one energy spot around 0.3m is present also in the
warped spectrogram and gives information about the source location. The other two
wave–packets, in fact, are due to S0 mode and their frequency is out of the WS–FSAT
active band and thus meaningless for the purpose of source location detection.




Figure 62: Voltage signal s, measured by the WS–FSAT in the case of the 45◦ source
(a); time-frequency representation: group delay curve in solid line and frequency of
DOA in dashed line (b); warped signal, sw, representation (c) warped spectrogram:
fw warped frequency (d).
image of the domain through the mapping procedure illustrated in Fig. 61. The cor-
responding source imaging in the spatial domain is displayed in Fig. 63(b). Secondary
lobes are visible, but their intensity is considerably smaller than the peak amplitude
of the main lobe, whose position is only 4.6mm away from the actual source location.
The remaining polar images of Fig. 63 are relative to the other source angular loca-
tions, and are obtained in the same way of the just analyzed 45◦ case. The actual
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source positions are indicated by ‘+’ markers and the maximum localization error in




Figure 63: Imaging of acoustic sources at various locations obtained through the
spectrogram re–mapping technique. Actual source positions are indicated by ‘+’
markers: (a) 30◦ source; (b) 45◦ source; (c) 60◦ source; (d) 90◦ source; (e) 120◦
source; (f) 135◦ source.
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5.5 Conclusions
In this chapter, a WS–FSAT prototype is presented and it is demonstrated that
fully-functional devices can be produced exploiting a convenient fabrication approach
based on inkjet printing of the electrode patterns on PVDF substrate. The fabri-
cated device has been tested for acoustic sources angular detection. The presented
results is obtained by processing the differential output of a single WS–FSAT, i.e.
source angular localization has been actually achieved using only one channel. The
proposed device, thus, represents a very promising option for lightweight, low–cost
and hardware–efficient inspection in various SHM environments. A dedicated signal
processing algorithm for the output of the WS–FSAT has also been presented. It pro-
vides imaging of acoustic sources with remarkable accuracy considering that the task
is performed using only one channel. This technique not only allows angular locations
finding of the sources, but also the estimation of their distance from the WS–FSAT.
However it must be stressed out that the source distance is evaluated through the
estimation of TOF, which implies to know the instant in which the source is fired.
In the perspective of an impact detection application, this can be an important lim-
itation. To overcome this issue, correlation techniques, based on matching of broad
band signals dispersion, are under examination.
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CHAPTER VI
ACTUATION CONCEPTS FOR WS–FSAT
6.1 Overview
In Chapter 5 a prototype of WS–FSAT has been presented and its frequency–dependent
directionality characteristics have been tested in sensing.
This chapter describes a preliminary testing of WS–FSAT for actuation. First, a
voltage signal is applied to the electrodes of the PVDF prototype considered in the
previous chapter and the wavefield generated in the plate is recorded by a SLDV.
Next, a Macro Fiber Composite (MFC) [84] WS–FSAT architecture is discussed as a
potential improvement of the transducer actuation capability.
6.2 Actuation of PVDF WS–FSAT
Section 5.2 stated that PVDF is not an ideal substrate for actuation, at least compared
with piezoceramics, due to its much lower modulus, as it can be observed comparing
Table 1 for PZT with Table 6 for PVDF. However, PVDF based transducers have
been proposed also for GW generation in structures [54]. The next sections present
the results obtained by operating the PVDF prototype in actuation.
6.2.1 Experimental setup
The plate of Fig. 53 with the WS–FSAT bonded to its center, is instrumented. For
hardware connections simplicity’s sake, a voltage signal was applied only to one elec-
trode’s group of the WS–FSAT. This is equivalent to considering a transducer with
an electrode distribution illustrated in Fig. 64(a), or, in other words, to operating the
WS–FSAT in a single channel mode. The directivity of the single channel WS–FSAT,
depicted in Fig. 64(b), is less performing than considering both channels; in fact, a
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lower spiral distribution of maxima is observed, comparing it with the directivity of
the entire WS–FSAT, depicted in Fig. 50(b). However, even in single channel mode,
a clear spiral shape is preserved, and therefore also the directional capability of the
device.
(a) (b)
Figure 64: WS–FSAT scheme of actuation: pattern of the activated electrode (a),
and corresponding directivity function, |D(k0(ω), θ)| (b).
The input voltage signals are provided by an amplified Agilent 33220A function
generator and the wavefield generated by the WS–FSAT is recorded with a SLDV.
Reflective tape is applied in the side without the transducer, as shown in Fig. 65, to
enhance the quality of the laser scanning.
Two kinds of analysis are performed. The first considers the successive application
of tone bursts centered at different frequencies to verify if the radiation pattern of
the transducer is along the correspondent direction predicted by the θ–frequency
correlation map of Fig. 57. A second analysis consists in exciting the WS–PVDF
with a chirp characterized by a frequency content covering the entire bandwidth of
the device. This excitation produces a sweep in the directions of generated waves as
the signal evolves in time.
98
Figure 65: Reflective tape application on the plate side without the transducer. Two
SLDV scan grids are highlighted in black: external, single line, grid for tone bursts
polar plots; internal square grid for chirp wavefield recording. Transducer in the
center of the grids, mounted on the opposite side (not seen).
6.2.2 Tone burst excitations
The tone bursts considered are 7–cycles at different excitation frequencies. In each
case, the perturbations generated by the actuated transducer are recorded in scan
points located along the edges of a square (see Fig. 65). Each side of the square
measures 50 cm and the transducer is placed in the center. The radiation patterns
are evaluated constructing polar plots with the RMS values of the time acquisitions
along the scan path, similarly to what done to obtain the directivity polar plots of
Fig. 31 for the quadrilateral array case.
The polar plots obtained from the elaboration of the data acquired by the tone
bursts analysis are illustrated in Fig. 66. Preferred radiation directions are evident
and are in agreement with the directions predicted by the θ–frequency correlation map
of Fig. 57. The presence of side–lobes can be observed in the cases of the three lowest
frequencies, i.e. 60 kHz, 90 kHz and 120 kHz. Side–lobes may be reduced activating
both channels of the WS–FSAT, due to the better directivity of this configuration.
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The three mid frequency cases, i.e. 150 kHz, 180 kHz and 210 kHz, presents a cleaner
radiation pattern. The polar plots of the three highest frequencies analyzed, i.e. 250
kHz, 280 kHz and 330 kHz, are quite noisy. Possible reasons could be a poor response
of the amplifier and/or of the PVDF substrate at high frequencies of excitation, but
further studies would be necessary to assess better this issue.
6.2.3 Chirp excitation
The time history and the spectrum of the adopted chirp are depicted in Fig. 67(a).
The time–frequency representation of the signal is illustrated in Fig. 67(b). The
wavefield generated by the chirp activated WS–FSAT is recorded along the square
checkered area of Fig. 65.
The obtained wavefield is represented by the snapshots collected at successive
time instants and shown in Fig. 68. It is worth noting how the radiation pattern
evolves with time, changing continuously direction as frequency sweeps. Moreover, it
is interesting to observe the reduction in the wavelength of the propagating waves.
This can be easily perceived comparing the first snapshot, i.e. t =194 us, with the
last one, i.e. t =390 us. This is a direct consequence of exciting with a chirp which
is a linear swept–frequency sine signal; in fact, looking at the time–frequency rep-
resentation of the signal (Fig. 67(b)), the instantaneous excited frequency linearly
increases with time, and therefore the wavelength of the generated waves reduces ac-
cordingly. This wavelength reduction, and therefore an increment in the wavenumber
associated with the propagating waves, is more evident transforming the captured
wavefield u3(x1, x2, t) to the wavenumber domain to obtain û3(k1, k2, t) using a 2D
FT, which is defined as:















Figure 66: RMS radiation directionality of the WS–FSAT obtained with tone burst
excitations centered at different frequencies: (a) 60 kHz; (b) 90 kHz; (c) 120 kHz; (d)
150 kHz; (e) 180 kHz; (f) 210 kHz; (g) 250 kHz; (h) 280 kHz; (i) 330 kHz.
respectively. The wavenumber content of the plate response at the same time instants
of Fig. 68 is illustrated in Fig. 69. The directional wave pattern is evident also here
looking at the direction who connects the peaks at each instant. The distance of the
peaks from the origin of the wavenumber domain increases with time, corresponding
to the aforementioned wavelength reduction. Moreover, overlapping each wavenumber
snapshot, the peaks appear aligned along the wavenumber spiral which defines the
WS–FSAT, as shown in Fig. 70, providing a clear validation of the WS–FSAT design.
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(a) (b)
Figure 67: Chirp excitation from 30 kHz to 380 kHz: signal time history and spec-
trum (a), and signal time–frequency representation (b).
The presence of side–lobes in the snapshots, of both Fig. 68 and 69, is due to the
same reasons enounced in Section 6.2.2.
Another possible representation of the chirp generated wavefield considers succes-
sive time intervals and computes the RMS of the plate response for each time interval;




u3(x1, x2, ti)2/Nj (69)
where u3(x1, x2, t) is the recorded out–of–plane displacement field, tlj, tuj are the lower
and upper boundaries of the j–th time interval respectively, and Nj is the number of
time instants recorded in the j–th interval.
In this way, the energy distribution associated to the time evolution of the radia-
tion pattern can be observed. The RMS plots are presented in Fig. 71. Of course, the
radiation pattern is the same of those observed previously. For the first time interval,
i.e. 0 ≤ t < 100 us, no preferred propagation direction is noted; this is caused by the
very first part of the chirp signal which excites low frequencies outside the bandwidth
of the WS–FSAT and also because the waves take a certain time to propagate in space





Figure 68: Snapshots at successive time instants of wavefield generated by chirp
excitation of the WS–FSAT: (a) t = 194 us; (b) t = 234 us; (c) t = 273 us; (d)t = 312





Figure 69: Wavenumber content at successive time instants of wavefield generated
by chirp excitation of the WS–FSAT (linear scale): (a) t = 194 us; (b) t = 234 us;
(c) t = 273 us; (d)t = 312 us; (e) t = 351 us; (f) t = 390 us.
intervals, the radiation pattern is evident; again, when high frequencies are excited,
the results are quite noisy, similarly to what observed for the polar plots of Fig. 66.
105
Figure 70: Overlap of contour wavenumber snapshots of Fig 69 (linear scale). In
red, wavenumber spiral which defines the WS–FSAT.
Similarly to what done in Section 5.4.1 for sensing, the behavior at different fre-
quencies of the WS–FSAT based on PVDF substrate is here analyzed in actuation.
The signals of scan points along a circumference have been selected from the wavefield
obtained by the chirp excitation (Fig. 72(a)) and the RMS of each signal is visualized
in the polar plot of Fig. 72(b). The intensity of the actuation performance is stronger
in particular from 30◦ to 150◦ and from 210◦ to 330◦. Reasons of this non–uniformity
can be the PVDF frequency dependent behavior, and the thresholding procedure of
electrodes which introduces different filtering weights.
The two approaches, i.e. tone burst and chirp excitations, are two equivalent
strategies to experimentally validate the actuation capability of the WS–FSAT. The
frequency dependent directionality expected from the numerical analysis of Section 4.4
has been achieved, in fact, in both cases. The obtained results outlines the WS–FSAT
as a promising device which may be adopted for active structural scanning. Due to
its light weight and hardware simplicity it could be embedded to critical aerospace





Figure 71: RMS computed for successive time intervals of wavefield generated by
chirp excitation of the spiral FSAT: (a) 0 ≤ t < 100 us; (b) 100 us ≤ t < 200 us; (c)
200 us ≤ t < 300 us; (d) 300 us ≤ t < 400 us; (e) 400 us ≤ t < 500 us; (f) 500 us
≤ t < 600 us.
107
(a) (b)
Figure 72: WS–FSAT direction dependent actuation intensity: selected points for
actuation directional analysis (WS–FSAT placed in the center, not seen) (a), normal-
ized RMS of acquired signals in selected points (b).
structure. In a pulse–echo scheme of operation, the WS–FSAT could generate waves in
selected directions and sense eventual back scatterers due to the presence of damage,
localizing it.
6.3 MFC WS–FSAT
The active materials which have been discussed in this work with detail are PZT and
PVDF. PZT, and piezoceramics in general, have a high structural stiffness, which
provides them a strong, voltage dependent actuation authority. Additionally, piezo-
ceramics are capable of interacting with dynamic systems at frequencies spanning
from about 1 Hz well into the megahertz range. However, there are several practical
limitations to implementing this delicate type of material. Namely the brittle na-
ture of ceramics makes them vulnerable to accidental breakage during handling and
bonding procedures, and limits their ability to conform to curved surfaces. Moreover
they are usually quite bulky and their application on thin structures could interfere
and distort the wavefield, as shown in Fig. 73. The RMS of the wavefield generated
by a propagating wave from the bottom to the top clearly shows how a PZT patch
can prevent the wave propagation across the region covered by PZT (Fig. 73(a)),
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and actually how the waves are reflected back (Fig. 73(b)). PVDF, as a piezoelectric
polymeric film, is very thin, flexible and lightweight, overcoming the limitations of
PZT, but, featuring a low structural stiffness, its actuation efficacy is compromised.
(a) (b)
Figure 73: PZT patch influence on crossing wavefield: wavefiled RMS, patch dimen-
sions highlighted by solid white line (a), wavenumber content of wavefield at 160 kHz,
dB scale (b).
The idea of a composite material consisting of an active piezoceramic fibrous
phase embedded in a polymeric matrix phase remedies many of the aforementioned
restrictions. Typically, crystalline materials have much higher strengths in the fiber
form, where the decrease in volume fraction of flaws leads to an increase in specific
strength. Also, in addition to protecting the fibers, the flexible nature of the polymer
matrix allows the material to more easily conform to the curved surfaces found in
realistic applications. Presently, there is an ever–increasing number of research grade
and commercially available composites containing piezoelectric fibers. For example,
Piezoelectric Fiber Composites called Active Fiber Composite (AFC) were introduced
by Hagood and Bent [28] as an alternative to monolithic piezoceramic wafers for struc-
tural actuation applications. AFCs employs high cost, extruded, round piezoceramic
109
fibers. Also, an additional disadvantage with AFCs is high operating voltage require-
ments; the attenuation of the driving electric field by unwanted accumulations of low
dielectric matrix material between the electrodes and the piezoceramic elements ends
to drive voltages higher. Developed by the NASA–Langley Research Center, MFC
actuators and sensors present superior qualities among AFCs in performance and be-
havior. The main difference with AFCs is that the fibers are rectangular, and diced
from a regular ceramic. The manufacturing process is quite cheap and repeatable,
and the shape of the fibers together with the manufacturing process allows to put
the fibers in direct contact with the electrodes, therefore solving the problem of the
permittivity mismatch [84]. MFCs thus attracted great interest for new industrial
applications and in the academic community as well. Smart Material Corp. is man-
ufacturing MFCs, licensed by NASA in a full scale production. MFCs, due to their
interesting properties, can represent a valuable substrate for the manufacturing of a
better performing in actuation WS–FSAT. In the next sections, some guidelines for
the realization of an MFC–based WS–FSAT will be provided.
6.3.1 Design scheme
A typical MFC transducer is made of an active layer, constituted by uniaxially aligned
fibers surrounded by a polymeric matrix, sandwiched between two soft thin encap-
sulating layers (Fig. 74). The fibers specifically have a rectangular cross–section and
are machined from low–cost piezoceramic wafers using a computer controlled dicing
saw [85]. The packaging brings the electric field to the active layer through the use
of a specific surface electrode pattern. The electrodes can be either continuous, in
which case a voltage difference is applied between the top and bottom electrodes
resulting in an electric field perpendicular to the plane of the transducer, or interdig-
itated [28], resulting in a curved electric field mostly aligned in the direction of the
fibers (Fig. 75). In the first case, the piezoelectric fibers are driven in the d31–mode,
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while in the second case, the fibers are driven in the d33–mode, resulting in a higher





Figure 74: MFC constitutive elements: (a) MFC schematic; (b) d31–mode, continu-









Figure 75: Electric field distribution for different electrode configurations: (a) d31–
mode; (b) d33–mode. Positive electrode (red), negative electrode (blu), electric field
(green).
In Chapter 2, the theory for directional sensing and generation of GWs with
shaped piezo patches was developed assuming a through the thickness polarization
of the active material; the electric field resulted then perpendicular to the transducer
plane. An MFC operating in the d31–mode presents the same electrical configuration
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and it is therefore a suitable substrate for the manufacturing of a WS–FSAT. As
done in the case of PVDF in Chapter 5, the fabrication approach would consist in
substituting the continuous top electrode with the WS–FSAT shaped electrodes’ ge-
ometry while the back side metallization would provide the common ground electrical
connection (Fig. 76).












Figure 76: MFC based WS–FSAT architecture.
6.3.2 MFC anisotropy influence
For their composite fiber composite nature, MFCs are clearly anisotropic, in both
elastic and piezoelectric properties. For this reason, the material directivity, H(θ),
defined in Eq. (14), is no longer constant in term of the angle of wave propagation θ.
Assuming active fibers aligned along x1 (Fig. 77), H(θ) is re–written here expanding




2(θ) + (d31ν12c22 + d32c22)sin
2(θ)
[bT (dσCEdσT − εσ)b] (70)
Adopting the values listed in Table 8 for the MFC properties, the behavior of






Figure 77: Fibers orientation with respect to direction of wave propagation, θ.
Table 8: MFC material characteristics. MFC is considered globally, not only as its
active layer (fiber volume fraction 0.865) [11].
c11 = 31× 109 Pa
c22 = 16× 109 Pa
ν12 = 0.31
d31 = −182× 10−12 C/N
d32 = −173× 10−12 C/N
Figure 78: Material directivity, H(θ), for MFC with properties listed in Table 8.
Eq. (13), which can be considered also as the actuating voltage for acoustic reciprocity
principles, H(θ) acts as a θ–dependent weighting factor. Most importantly, it does
not influence the frequency dependency of the directionality, and therefore its effect
is just secondary and may be neglected. It is possible to offset this secondary effect
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on the voltage introducing some compensating factors to the geometric directivity,
D(ω, θ), which for the WS–FSAT becomes:







J1 (a |k0 − kn|)
a |k0 − kn|
− J1 (a |k0 + kn|)
a |k0 + kn|
]
(71)
where Cn = 1/H(θn) are the compensating factors. The aim of this modification
is to make the product H(θ)D(k0(ω), θ) a constant maximum value, regardless the
direction of waves propagation θ, and consequently remove the effect of the active
material anisotropy.
The electrodes’ distribution computed with the compensatedD(k0(ω), θ) of Eq. (71),
and its geometric directivity, for a WS–FSAT with parameters values listed in Ta-
ble 9, are presented in Fig. 79. For comparison purposes, Fig. 80 shows the WS–FSAT
obtained still for the parameters of Table 9, but without anisotropy compensation.
Table 9: WS–FSAT parameters values used to compute geometric directivity
D(k0(ω), θ) in the cases of compensated and not–compensated material anisotropy.
N = 90
θm = 0 deg
θM = 180 deg
km = 528 rad/m
kM = 1509 rad/m
a = 2.5 cm
ε = 15%
Comparing Fig. 79 with Fig. 80, it is worth noting how the electrodes’ areas, along
the directions where H(θ) is less than 1 (Fig. 78), are thicker in the anisotropy com-
pensated WS–FSAT and consequently the spiral shape of the compensated directivity
D(k0(ω), θ) appears with a stronger weighting in the same range of directions.
Figure 81 presents the productH(θ)D(k0(ω), θ) for four wavenumber values kn(θn)
and associated directions θn, computed with the anisotropy compensated version of
the WS–FSAT (black lines) and with the original one (grey lines). As expected,
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(a) (b)
Figure 79: Active material anisotropy compensated WS–FSAT: electrodes’ distribu-
tion (a), and corresponding directivity function, |D(k0(ω), θ)| (b).
(a) (b)
Figure 80: Active material anisotropy not–compensated WS–FSAT: electrodes’ dis-
tribution (a), and corresponding directivity function, |D(k0(ω), θ)| (b).
the compensated WS–FSAT design keeps the maximum value of the material and
geometric directivities constant regardless the direction, removing the modulating
effect of active material anisotropy on the sensing/actuating voltage.
6.4 Conclusions
In this chapter, preliminary testing of WS–FSAT in actuation has been carried. The




Figure 81: Directivity curves H(θ)D(k0(ω) = kn(θn), θ): (a) n = 5, θn = 13 deg; (b)
n = 30, θn = 78 deg; (c) n = 45, θn = 108 deg; (d) n = 90, θn = 180 deg. Black lines:
anisotropy compensated WS–FSAT. Grey lines: original WS–FSAT.
signals to its electrodes and the wavefields generated have been recorded. For hard-
ware simplicity, only one electrodes’ group has been activated, however the expected
directionality of the device has been observed successfully. Next, because the PVDF
substrate is not ideal for waves generation, an alternative manufacturing process for
the realization of the WS–FSAT, featuring an electrodes shaped MFC, has been dis-
cussed as a possible improvement of the transducer actuation authority, considering
also the influence of the MFC material anisotropy.
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CHAPTER VII
CONCLUDING REMARKS AND FUTURE WORK
7.1 Summary
This research studies Frequency Steerable Acoustic Transducers (FSATs) for direc-
tional generation/sensing of guided waves. The theoretical analysis of equations gov-
erning sensing and generation of Lamb waves through surface mounted piezoelectric
transducers provides the design tools to develop transducer shapes which generate
interference phenomena resulting in strong frequency-based beam forming capability.
In particular, an expression of the transducers directivity has been formulated based
on spatial distribution of active material, valid for both wave sensing and actuation,
in agreement with acoustic reciprocity principles. The FSATs can be designed to
produce directional patterns which vary with the actuation frequency in generation
and sense a dominant frequency component depending on direction of an incoming
wave in sensing.
The FSAT configurations presented are a quadrilateral array and a geometry
whose wavenumber domain representation features maximum amplitudes located
along a spiral, named Wavenumber Spiral FSAT (WS–FSAT). The quadrilateral array
demonstrates, through numerical analysis and experimental validation, the concept
of frequency-dependent directionality. However it suffers from limited directional
performance. The WS–FSAT, instead, features a continuous frequency based direc-
tivity, and is an excellent candidate for effective Structural Health Monitoring (SHM)
applications. Prototyping and successive testing of the WS–FSAT proved its effec-
tiveness in sensing for location of broadband acoustic sources. An imaging technique
was adopted for improved post processing of the WS–FSAT output. Finally, the
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WS–FSAT was experimentally validated also in generation.
7.2 Contributions
The research presented in this work achieves the following contributions:
1. a novel class of transducers (FSATs) for sensing and generation of guided waves
with frequency–based directionality;
2. the WS–FSAT geometry, characterized by an excellent directionality, allowing
location detection of broadband acoustic sources and directional scanning;
3. the WS–FSAT manufacturing, based on inkjet printing of the electrode patterns
on a polyvinylidene fluoride (PVDF) substrate;
4. the experimental validation of WS–FSAT directional capabilities in both sensing
and actuation;
5. the implementation of a working imaging technique to enrich further the sens-
ing capabilities of the WS–FSAT, providing an immediate visualization of the
acoustic event.
7.3 Limitations & challenges
Sensing performance of WS–FSAT may be affected by the frequency content of the
incoming wave–packet. If it is not broadband and uniformly weighted, the filtering
action of the device could be biased and result in the wrong estimation of the direction
of arrival. In the acoustic source angular localization experiment (Section 5.3.2),
the broadband excitation used for the generation of waves was characterized by the
frequency content shown in Fig. 46. Even if the spectrum is not perfectly flat, the
filtering action of the PVDF WS–FSAT was strong enough to overcome this. In a
perspective of WS–FSAT application for impact detection, a relevant issue is the
bandwidth of the induced perturbation by the impact, which traditionally is not so
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broadband [65]. The highest excited frequency in impacts is usually also not as high
as the frequencies considered in PVDF WS–FSAT testing, which considered values
up to 350 kHz. A specific WS–FSAT design for sensing of a realistic impact induced
wavefield is required and may involve a narrow WS–FSAT bandwidth spanning a
lower frequency range than the one considered in this thesis. This would result in
larger WS–FSATs, due to the lower frequency range, i.e. lower wavenumber spiral,
with a reduced frequency shift per DOA change, caused by the narrow bandwidth.
The WS–FSAT tuning on A0 mode is discussed in Section 4.3, for which the device
ideally performs a rigorous mode selection and is sensitive to the chosen mode only.
Contributions from other modes are mapped to a different frequency range. However,
some multimodal interactions might be possible. In practice, in fact, the filtering effect
is slightly affected by wavenumber spiral side lobes outside the [km, kM ] range, which
can introduce spurious modal contributions within the frequency band reserved for
the tuned mode. The wavenumber range, from which S0 interference within the A0
operating region can arise, is identified in Fig. 82(a) and marked with solid circles in
Fig. 82(b). Secondary lobes of the spiral distribution within the highlighted ring are
responsible for interfering S0 terms. Since the amplitude of side lobes is relatively
small compared to that of main lobes, these terms do not affect the localization
of strong acoustic sources, while they can pose challenges to the detection of weak
scatterers [8].
In this work, FSATs have been designed to operate in a frequency range where
wave propagation is the superposition of the first anti–symmetric A0 and symmetric
S0 Lamb wave modes, i.e. for frequencies below the A1 mode cut–off. Dispersion
curves of modes are strictly dependent by the plate thickness and, in particular, as the
thickness increases, the cut–off frequencies of modes shift towards lower frequencies
(Fig. 83). This might complicate the design of WS–FSAT for applications to thick




Figure 82: Dispersion characteristics of the A0 and S0 modes for a 0.82 mm–thick
aluminum plate. The “k range” [km, kM ] and corresponding frequency bands of
directional sensitivity to the A0 mode are highlighted, along with the wavenumber
range where secondary lobes of the spiral distribution can give rise to S0 interference
within the A0 sensor operating region (a); WS–FSAT directivity. Dashed circles
represent the wavenumber range [km, kM ], while solid circles delimit the wavenumber
interval sensitive to “S0 interference” phenomena for a 0.82 mm-thick aluminum plate
(b).
of the device.
To achieve a good actuation efficacy, it is essential to have a good impedance
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Figure 83: Dispersion curves of Lamb waves in aluminum plates of different thickness,
t: solid lines, t = 0.75 mm; dashed lines, t = 1.5 mm.
matching between the active substrate and the structure. The adoption of PVDF
is not an optimal choice. The introduction of a copper matching layer between the
PVDF device and the structure could lead to a better coupling with an improved
actuation performance [54]. The alternative solution of a WS–FSAT based on MFC
substrate, described in Section 6.3, would imply an improvement in the impedance
matching due to the high stiffness of the composite fiber phase, but still need to be
proven.
7.4 Conclusions & future work
This research has investigated the potential of patterned transducers for directional
guided wave generation and sensing. Effective frequency based wave steering has
been demonstrated through numerical models and experiments. The quadrilateral
array and the WS–FSAT prototypes have attractive features which may be exploited
for SHM applications. FSATs may be good candidates for remote sensing and ac-
tuation applications because of their hardware simplicity. In the field of aerospace
structures, FSATs may be suitable for embedded installations on plate– and shell–like
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structures, as wings and fuselages. They may be adopted both in passive mode, for
impact detection, and in active mode, for on–demand structural scanning. Also FSAT
installations on pipelines may be effective for leaks detection. However, much work is
needed towards their practical implementation. In fact, FSAT lab experiments were
based on idealized setups, and FSAT performance evaluation on real structures is
still required. Considerable work needs to be done to achieve in–service qualification
of the FSATs and associated hardware; other important issues to be addressed are
discussed as follows.
The thresholding procedure outlined in Section 4.2 was seen as a necessary step
to obtain a feasible transducer geometry. This step leads to performance reduction
compared with transducers with the analytical spatial distribution, characterized by
a grading of the active material. A possible alternative to the thresholding procedure
may be the realization of a porous electrode pattern [62, 61] which would mimic the
analytical grading for an improved WS–FSAT directivity. As an example, the geom-
etry of a WS–FSAT porous electrode pattern is shown in Fig. 84. Issues that need to
be considered with this approach are the thickness of the smallest electrode features,
which may be not sufficient to ensure effective conductivity. Also, the inkjet fabrica-
tion approach may not have enough resolution for the porous pattern realization.
Considering the source localization experiment of Section 5.4, a significant im-
provement would be the development of a strategy for time–of–flight (TOF) estima-
tion without requiring knowledge of the instant in which the acoustic event takes
place. This would allow a more realistic WS–FSAT application in the context of
impact detection and localization.
The actuation capability of the WS–FSAT also requires additional investigation.
Its actuation efficacy could most likely be improved with the implementation of the
WS–FSAT based on macro fiber composite (MFC) substrate, following the approach
suggested in Section 6.3. In this case, an aspect that deserves further consideration
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Figure 84: Design of a porous electrodes’ pattern for a potential improvement of the
WS–FSAT directional capability.
is the behavior of the MFC in d31–mode with shaped electrodes. The homogeneous
properties of Table 8, in fact, are computed for the continuous electrode case and the
substrate action with shaped electrodes needs to be verified.
The WS–FSAT performance for localization of scatterers needs to be evaluated
for a more precise qualification as a potential device for active SHM applications.
Two possible schemes of operation are available to perform this task: pulse–echo
and pitch–catch. In the former, the WS–FSAT acts both as an actuator and sensor
at the same time. In the pitch–catch approach, a pulse signal is sent across the
specimen under interrogation and the WS–FSAT receives the signal. From various
characteristics of the received signal, such as delay in time of transit, amplitude,
frequency content, etc., information about the damage can be obtained. For this last
approach, some work has already been done in [8], where issues related to S0 mode
interference emerged.
Due to the increasing prominence of composite materials in aerospace structures,
the application of FSATs to composite laminates needs to be analyzed to consolidate
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the attractiveness of the wave frequency steerability concept in GW SHM. In this
case, major issues are represented by material anisotropy and high wave attenuation.
The effect of anisotropy is analyzed in Section 3.7 with the quadrilateral array tuning
on the A0 mode in a glass fiber laminate. Wave attenuation is potentially the biggest
issue because it could significantly reduce the area on which the FSATs would be
effective.
It may be worth studying phased operations of two WS–FSATs, trying to achieve
side lobes suppression and single beam activation, allowing real 360 deg directional
scan, without the ±180 deg uncertainty. Formulating a topology optimization prob-
lem of the WS–FSAT design for a reduction of side lobes and a beamwidth improve-
ment are also interesting further developments.
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